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Abstract 
 
Engineering composites and especially long fibre carbon composites have been in 
high demand not only in aerospace and automotive applications, but also in high end 
everyday applications. In aerospace, carbon composites are used predominantly for 
secondary structures attached by joints or fasteners to various alloys or even 
different composites, and are exposed to service loads and repetitive impacting. 
Impact fatigue (IF) is not studied adequately for long cycles and relevant literature is 
investigating mainly drop weight tests and high speed projectile experiments. 
The main aim of this research was to investigate the behaviour long fibre CFRP’S 
exposed to repeated low-velocity, low energy impacts, and to observe the damage 
effects of this regime on the structural integrity of these materials. 
Two types of specimen configurations using CFRPS’s were used and exposed to 
loading conditions relevant to the Izod impact fatigue test (IIFT), and the tensile 
impact fatigue test (TIFT), in order to determine the fatigue behaviour of the 
specimens for each of these load conditions. For the IIFT, the fatigue life was 
investigated using IM7/8552 unidirectional specimens and T700/LTM45 cross-ply 
specimens were utilised for the TIFT. The specimen thicknesses were altered in both 
cases and parametric studies were carried out, where it was seen that IF results in 
high level of scatter and the apparent decrease in life was seen at relatively modest 
levels of maximum force after relatively few cycles. In the case of the IIFT, a 
durability limit was not apparent which increases the complications when designing 
against IF. In the case of the TIFT the stiffness deterioration was reflected as an 
increase of the loading time, in the force vs time graph, over the total fatigue life 
span.  
Fatigue crack growth was investigated using fractography and X-ray micro-CT at the 
micro and macro level. It was seen, that IF had the potential to initiate cracks and to 
cause their propagation at low levels of loading. For the IIFT, a single crack was 
growing substantially in the fibre direction and across the sample width causing 
matrix cracking and probably breaking of some fibres, which acted as impact wave 
guides since matrix cracks were propagating initially along the length of the fibres. In 
the case of the TIFT multiple damage modes were presented (matrix cracks, axial 
splits and delaminations). Their sequence and progression was successfully 
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captured and contrasted against the number of impacts. Axial splits governed the 
damage scenario, with delaminations extending between them and the free edges. 
For the TIFT, IF was studied using the force-life (F-Nf) and energy-life (E-Nf) curves. 
The tests undertaken showed that when halving the thickness of the laminates the 
fatigue life presented a 10-fold decrease as well as higher scatter. 
Finite element modelling was undertaken to validate the experimental data of the 
TIFT test. Successful simulation of a single impact was carried out using a fully 
transient 3-D model of the actual experiment configuration which involved geometric 
non-linearities in addition to the multiple contact conditions. The analysis was 
undertaken using the Abaqus 6.11 explicit solver. Since the numerical single impact 
results (force vs time response) was in agreement with the experimental results, the 
crack modes, experimentally observed, were also incorporated in the model utilising 
the use of the cohesive zone elements (CZE).  
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Symbols 
 
11σ  Longitudinal stress (MPa) 
22σ  Transverse stress  (MPa) 
33σ  Radial stress  (MPa) 
mσ  Mean stress (MPa) 
aσ  Stress amplitude (MPa) 
maxσ  Maximum stressamplitude (MPa) 
minσ  Minimum stress amplitude(MPa) 
maxσI  Interfacial strength under mode I(MPa) 
maxσII  Interfacial strength under mode II(MPa) 
effσ  Effective stress(MPa) 
staticσ Failure stress under static loading(MPa) 
Rσ  Residual strength(MPa) 
11ε  Longitudinal strain 
22ε  Transverse strain 
33ε  Radial strain 
12γ  Shear strain in longitudinal direction, 2, perpendicular to plane 1 
13γ  Shear strain in radial direction, 3, perpendicular to plane 1 
23γ  Shear strain in transverse direction, 2, perpendicular to plane 3 s  Surface energy (J) 
Γ  Path  surrounding the crack tip (m) 
∆t  Time difference (s) 
cδ  Damage onset displacement (mm) 
fδ  Maximum opening displacement-absolute decohesion of surfaces (mm) 
ρ Cured density (kg/m3) 
a  Crack size (mm) 
C Miners sum  
d Specimen displacement (mm) 
D  Damage 
E Impact energy (J) 
Eeff  Effective stifness(Ν/m) 
T
11E  Longitudinal elastic modulus (GPa) 
T
22E  Transverse elastic modulus (GPa)  
T
33E  Radial elastic modulus (GPa)  
F  Impact force (N) 
12G  Shear modulus in longitudinal direction, 2, perpendicular to plane 1 (GPa) 
23G  Shear modulus in radial direction 3, perpendicular to plane 2 (GPa) 
13G  Shear modulus in longitudinal direction 3, perpendicular to plane 1 (GPa) 
cG  Critical strain energy release (J/m
2) 
I,II,IIIG  Strain energy release rate under mode I,II,III respectively (J/m
2) 
J  Strain energy release rate in the case of the elastic-plastic behaviour(J/m2) 
k  function of crack speed 
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I,II,IIK  Stress intensity factor for mode I,II,II ሺܯܲܽ√݉ሻ 
K Instantaneous stiffness (N/m) 
K10 Normalised instantaneous stiffness  
݈௖௭ Length of cohesive zone (mm) ݈௘ Element size (mm) 
n  Number of cycles 
Nd Notch depth (mm) 
Nf  Number of cycles to failure 
P  Applied load (N) 
rp  Radius of plasticity contour (m) 
R Load ratio  
eS  Fatigue limit (MPa) 
DS  Damaged area (m
2) 
fS  Fatigue strength (MPa) 
T
11S  Longitudinal tensile strength (GPa) 
C
11S  Longitudinal compressive strength (GPa) 
T
22S  Transverse tensile strength (GPa) 
C
22S  Transverse compressive strength(GPa) 
TF Definition loading time in IF experiments (ms)  
T Loading time (s) 
T10 Normalised loading time with respect to the tenth impact 
Tg Glass transition temperature (°C) 
u  Displacement vector 
ij Poisson’s ratio that corresponds to a contraction in the direction when an extension 
is applied in direction  
12  Ratio of strain in transverse direction, 2, to strain in longitudinal direction, 1  
23 Ratio of strain in radial direction, 3, to strain in transverse direction, 2  
13 Ratio of strain in radial direction, 3, to strain in longitudinal direction, 1 
V  Hammer velocity (m/s)  
Vc  Wave speed (m/s) 
W Strain energy density (J) 
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Acronyms 
 
  
 
 
 
Abbreviation 
 
 
Meaning 
2D  Two-dimensional  
3D  Three-dimensional  
μXCT  X-ray micro-computed tomography  
CA Constant amplitude 
CBM Crack band model 
CCT Crack closure technique 
CDM Continuum damage mechanics 
CFRP Carbon fibre reinforced polymers 
CT Computed tomography 
CZM Cohesive zone modelling 
CZP Cohesive zone parameters 
DCB  Double-cantilever beam  
DFM Dynamic fracture mechanics 
FE  Finite-element  
FEM  Finite-element modelling  
FPZ Fracture process zone 
FRP Fibre reinforced polymer 
HCF High cycle fatigue 
IF Impact fatigue 
ILSS Interlaminar shear strength 
LCF Low cycle fatigue 
LEFM  Linear elastic fracture mechanics  
NDT Non destructive technique 
NLEFM  Non linear elastic fracture mechanics 
PMMA Poly(methyl methacrylate) –transparent thermoplastic 
ROI Region of interest 
SF Standard fatigue 
SHPB  Split-Hopkinson pressure bar  
SIF  Stress intensity factor(s)  
UD Unidirectional 
VAF Variable amplitude fatigue 
VCCT  Virtual crack-closure technique  
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Chapter 1 Introduction 
 
 
 
1.1 Project Background 
 
 
Demand for advanced composites in the aerospace industry is continuously 
increasing. In recent years, carbon fibre reinforced polymers (CFRP) have become 
one of the most important structural materials in the aerospace industry due to their 
excellent stiffness and high strength-to-weight ratio. Fatigue is generally 
approximated as a sinusoidal loading, characterised by the stress ratio, frequency 
and maximum force. This type of loading can be termed standard fatigue (SF). 
However, real-life loading histories usually involve vibrating loads that can propagate 
in structural elements as cyclic impacts. This phenomenon is known as impact 
fatigue (IF). Cyclic loading causes various types of damage in laminate composites: 
matrix cracking, delamination, splits, de-bonding between fibres and matrix and fibre 
breakage, resulting in a reduction of residual stiffness and loss of functionality. 
The effects of IF are of major importance due to its detrimental effect on the 
performance and reliability of components and structures after relatively few impacts 
at low force levels compared to those in SF loading. Loughborough University 
employs a unique testing system with the capability of subjecting specimens to uni-
axial tensile dynamic loading, making feasible direct comparison with tensile SF. 
The main aim of this thesis is to provide results illustrating the effect of IF on the 
damage behaviour of CFRP specimens and in order to do so microstructural, 
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detailed damage analysis is implemented utilising X-ray micro CT. The experimental 
part of the research is concentrated on the response of CFRP specimens to single 
and multiple impacts. The numerical part of this thesis involves the application of 
finite element analysis (FEA) to model damage development under both quasistatic 
and dynamic loading conditions. 
A significant amount of work has been undertaken in the analysis of damage 
mechanisms in CFRP laminates. The effect of multiple impacts on the damage 
mechanisms in CFRP laminates is an area that has received little attention to date. 
Based on this, the aim and objectives of this PhD project were decided, and are 
presented in the following section. 
 
 
1.2. Aim and objectives 
 
 
This PhD project is aimed at experimentally investigating the behaviour of CFRP 
subjected to Impact Fatigue (IF) and the development of numerical techniques to 
model the observed behaviour. To accomplish this aim, the following objectives were 
identified: 
 
 
1. Experimental testing of CFRP laminates under quasi-static and impact fatigue 
conditions. 
 
2. Characterising damage development in the CFRP specimens as a function of 
sample type, loading method and time. 
 
3. Develop finite element methods to accurately represent dynamic strain 
development in the CFRP samples under loading 
 
4. Develop finite element methods to characterise damage initiation and 
propagation in the CFRP samples under quasistatic and impact fatigue 
loading conditions. 
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To the author’s knowledge, the problem of damage initiation and propagation  
exhibited by CFRP laminates under uniaxial IF conditions utilising only cohesive 
zone methodology has not been previously addressed and this is being emphasised 
in section 2.6.4.  
 
 
1.3. Thesis Layout and Research Methodology 
 
A schematic of the overall layout of this thesis including the research methodology is 
given in Figure  1.1. The thesis covers five main areas: introduction, literature review, 
experimentation, simulations, conclusions and future work. A brief description of the 
chapters will be given in the following section. The rest of this section will be focusing 
on the interaction between the elements of research methodology. In fact, it is 
comprised of two main parts: experimentation and simulations. Experimentation was 
carried out to characterise fatigue life under IF conditions and analyse damage 
scenarios produced by the multiple impacts. Two types of IF tests were performed; 
Izod and modified Charpy which will be referred as izod impact fatigue test (IIFT) and 
tensile impact fatigue test (TIFT). In both cases detailed microstructural examination 
took place in between the tests in order to correlate the damage observed with the 
damage parameter identified in each case. In the case of IIFT a parametric study 
was undertaken investigating the effect of altering thickness and notch size on the 
fatigue life. In the case of the TIFT similarly two different thicknesses were 
investigated. It has to be noted, for this specific test a numerical model was also 
built. A fully transient explicit model using Abaqus served the purpose of validating 
the experimental results. Initially, for the validation of the non-damage scenario 
(single impact) the force response of a single impact was used as a correlation 
parameter. With the use of cohesive zone elements (CZE), introduction of damage 
was feasible in the numerical model. Partitions were made at predetermined 
experimentally damaged areas and CZE were inserted. For calibration of the 
boundary conditions and more specifically of the properties of CZE a quasistatic 
numerical model was also built and results were contrasted with the experiment. The 
validation of the quasistatic model gave confidence in the correct implementation of 
CZE and steps were undertaken to model the fatigue life using a cycle jump strategy 
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1.4 Chapter Structure 
 
 
Figure  1.1 Overall thesis layout and research methodology 
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A brief description of the remaining Chapters of this thesis is given below:  
 
 
Chapter 2 Literature Review  
 
 
This chapter is divided into 4 parts. In the first part, a description of the significance 
of composites in aerospace and their advantages compared with other commonly 
used materials is presented. In the second part, the composite damage mechanisms 
are investigated in a) the ply level, b) the laminate level. Emphasis is being given in 
the crossply laminates and the main damage scenarios governing them such as the 
matrix cracks and delaminations. Their effect on the structural integrity is being also 
discussed together with various models and simulation approaches that have been 
developed to study these damage mechanisms as well as the link between them. 
The third part is an overview of different types of fatigue that exist in nature. 
Emphasis is being given on impact fatigue and especially impact fatigue of 
composites. Finally, the fourth part describes fracture and damage mechanics 
principles highlighting their importance when modelling composite systems. 
 
Chapter 3 Materials and Experimental techniques  
 
 
A review of the experimental techniques utilised in this work, as well as the different 
types of materials used in each test are described. Two mechanical low rate impact 
tests were employed to simulate the effects of impact fatigue (IF).  
The first part of experimentation involved an Izod impact fatigue test (IIFT) of 
unidirectional (UD) long fibre composite IM7/8552.The impact toughness over the 
fatigue life was evaluated for various energy levels and two specimen thicknesses 
for reproducibility reasons. The second part of experimentation was undertaken 
using a modification of the Charpy test otherwise known as the tensile impact fatigue 
test (TIFT). It allows specimens to be subjected to tensile IF and so comparison with 
standard fatigue (SF) could be possible. The specimens used were crossply 
T700/LTM45 containing a centrally located hole which would act a stress 
concentrator.  
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Finally, in both tests crack initiation and propagation scenarios were investigated by 
means of fractography and Xray-micro-Ct  
 
Chapter 4 Experimental Results 
 
 
This chapter is a brief presentation of the results obtained for a) IIFT, b) TIFT. For 
the IIFT, the effect of altering specimen thicknesses and impact energy levels on the 
fatigue life of the composite is thoroughly investigated. Additionally, detailed x-ray 
studies, undertaken at intervals of fatigue life were carried out on a specially 
designed specimen which allowed the maximum possible Xray-resolution of 3µm to 
be possible. The crack growth scenarios when then correlated with the percentage of 
cycles to failure. 
For the TIFT, the same methodology was followed with the only difference that the 
impact energy levels did not alter. The preferred energy level of 1Joule was proven 
to be ideal for investigating fatigue life of two thicknesses. 2mm and 1mm thickness 
of crossply specimens were under investigation for reproducibility reasons. Common 
result was the increase in the loading time which hindered stiffness deterioration. X-
ray studies were undertaken at intervals of fatigue life for both configurations, 
however emphasis was given in the 2mm configuration since results seemed more 
stable. 
 
Chapter 5 Finite Element Modelling of Single Impacts 
 
In this chapter the numerical model considerations are explained explicitly. More 
specifically, the hammer specimen interaction, identical with the experimental TIFT, 
is explained in numerical terms. The numerical built up considerations involve 
geometry and boundary assumptions, material data input details, reasons for 
element choices as well as selection process for solvers. 
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In addition, the calibration process using an aluminium specimen before the 
successful modelling of the composite layup is explained. Validation of numerical 
and experimental data was done using two parameters: Force and strain.   
 
Chapter 6 Finite element modelling of Damage 
 
The main focus of this chapter is the correct implementation of the cohesive zone 
elements in the model that was previously created. This was partially achieved by 
contrasting the cohesive zone properties with a quasistatic case. For that aim, a 
quasistatic experiment was carried out and the global stiffness was used as the 
validation parameter between numerical and experimental work. Furthermore, 
literature review revealed that for low dynamic range and for epoxy matrices the 
static cohesive zone parameters can be used. Finally it was shown that the stiffness 
response remained unaltered even after manipulating significantly the cohesive zone 
parameters.  
 
Chapter 7 Discussion of results 
 
Chapter 7 presents a detailed discussion of the main experimental and numerical 
results. The experimental results are divided between the IIFT and TIFT tests while 
the numerical are concentrated solely on the IIFT. In the experimental results the 
main focus was the fatigue life assessment in the two fatigue tests as well as the 
damage characterization. In the numerical work, the step towards the modeling of 
the damage behavior in the TIFT was the subject. 
 
 
Chapter 8 Conclusions/Future work 
 
Chapter 8 provides the main conclusions obtained in this research, presenting also 
the suggested areas for the future work. 
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Chapter 2 Literature Review 
 
 
 
2.1 Introduction 
 
The scope of the literature review is based on the main aspects of the project. These 
were:  
Material, test configuration, type of test, rate of loading, computational modelling and 
damage modelling approach. The structure of the literature review was built around 
the above milestones. 
Regarding the material, the use of fibre reinforced composites (FRC’s) has increased 
considerably in last few decades. Automotive, aerospace and sport industries display 
a considerable interest in these materials. FRC’s exhibit a combination of properties 
such as ease of fabrication (according to application) and a high strength to weight 
ratio. More specifically carbon fibre reinforced polymer (CFRP) composites, which is 
the material under investigation here, are used in areas were high strength is 
required and weight restriction is important. CFRP’s are usually supplied in the form 
of plies, with the fibres already embedded in the matrix in a specific parallel 
orientation, which makes them easy to manufacture in a specific orientation. 
Composites, behave differently to ductile materials when subjected to loading. Their 
quasi-brittle, non-homogeneous and anisotropic nature dictates complex damage 
scenarios, including matrix cracks, delaminations, axial splits, fibre fracture etc. The 
crossply orientation was selected for this work and the literature review is focused on 
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this orientation and the associated damage mechanisms at ply and laminate level. 
The type of test, as well as the rate of loading was determined early in the project. 
The specimens would be subjected to uniaxial tensile impacts at velocities less than 
10m/s. In the literature review undertaken it was revealed that the majority of impact 
fatigue testing was performed for very few cycles and with tests such as dropweight, 
Izod or split Hopkinson bar. 
The repetition of low energy low velocity impacts, with each impact being insufficient 
to cause the complete fracture of a specimen, could be defined as Impact Fatigue 
(IF). IF is present in many everyday problems. The impact of a car tyre on a bump, 
the wind gusts on a plane during flight, the tennis racquet or a runner’s shoe are 
everyday examples of IF in composite materials. It has been proven that IF is more 
dangerous than Standard Fatigue (SF) in terms of resulting in higher crack growth 
rates and presenting more brittle behaviours. For the same energy levels when 
compared with SF the fatigue life is lower. The different types of fatigue as well as 
the reponse of different types of materials to fatigue conditions are presented in 
Section 2.5. 
In section 2.6 the effect of IF on metals, polymers and finally CFRPs is presented. In 
an attempt to standardise IF, researchers have tried to implement the same 
principles as in SF. However this is not straightforward since in IF the  stress 
magnitude that is used in stress controlled  SF can not be used solely as the same 
level of this parameter can correspond to different levels of the applied energy, 
depending on the loading conditions, especially impact velocity. Also, it has been 
shown that the effects of IF vary between different materials and tests. For example, 
in metals high velocity repetitive impacting (shot peening) seems to increase the 
fatigue life while in composites subjected to dropweight test there is a possibility that 
the damage is distributed away from the impact area due to delamination resulting 
again in an increase in the fatigue life. 
In terms of modelling, IF can be analysed with analytical and numerical methods 
Fatigue can be characterised, broadly, by 3 main methods, namely Fatigue life 
models, phenomenological models and progressive damage models.  
A detailed description is given in Section 2.6.4. Fatigue can be numerically modelled 
with methods implementing fracture mechanics (linear, nonlinear and dynamic) or 
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damage mechanics principles, as discussed in Section 2.8. The main difference 
between fracture mechanics methods and damage mechanics methods is that the 
first is based explicitly on evaluating the conditions necessary for the propagation of 
a macro crack while the second is based on the progressive degradation of material 
properties prior to macro-crack formation. The literature review is mainly focused on 
the application of the cohesive zone elements to model progressive damage in 
composites since it was decided that cohesive zone elements allow the potential 
simulation of the multiple damage mechanisms seen in the fatigue tests of cross-ply 
CFRP samples. 
 
 
2.2 Engineering Composites in Industry 
 
 
As previously mentioned, CFRP have become one of the most important structural 
materials in the aerospace industry due to their excellent stiffness and high strength-
to-weight ratio. Other advantages of engineering composites include the fact that 
their properties can be tailored. Composites also exhibit much better resistance to 
fatigue than aluminium, which can be critical in aircraft structures where cyclic 
loading is a major design consideration [3]. 
 
Furthermore polymer composites have: 
 
 Good corrosion resistance 
 Cost effective fabrication 
 Low density 
 Insulating properties 
 
Figure 2.1 presents a schematic of the use of CFRP in the Airbus A380 passenger 
aircraft. 
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Composites make up the majority of nature’s structural materials and can be 
categorised according to the function and dimensions of their reinforcement, as 
shown in Figure  2.2. The reinforcement largely determines the structural properties 
and in general the greater the percentage of reinforcement the better the structural 
properties will be [4]. FIbre reinforced composites (FRPC) are the most used type of 
polymeric composite with fibres such as glass, carbon and kevlar and matrix 
materials including both thermosets, such as epoxies, and thermoplastic, such as 
polyester  [5]. 
 
 
 
 
 
Figure  2.1 CFRP application in Airbus A380 [1] 
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2.3 Damage Mechanisms in Laminated Long Fibre Composites 
 
 
Analysing fibre reinforced composites with conventional fracture mechanics can 
prove to be difficult. For the case of delamination, a fracture mechanics approach 
can be appropriate; however, the origin of this method was based on homogeneous 
materials. Conventional fracture mechanics methods are based on the propagation 
of a single macro-crack through a homogeneous media, maintaining the same shape 
and orientation. When dealing with fibre reinforced composites, fracture is controlled 
by a number of various failure mechanisms as seen in Figure   2.3. Failure is a 
progressive process in composites and progressive damage mechanisms are of 
great interest in the study of failure in composite materials. A simple model to 
represent the crack growth stages in fibrous composites can be seen in Figure   2.4. 
 
2.3.1 Ply Level 
Figure  2.2 Classification of composite materials [4] 
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(a) (b) (c)
(d) (e)
 
 
 
 
 
 
A crack propagating through the matrix reaches a fibre. Increasing the load results in 
high localised stress at the fibre. The tensile stress normal to the fibre creates fibre 
/matrix debonding, as seen in Figure 2.4(c).The shear stress resulting from the 
modulus difference between the matrix and the fibre cause extension of the debond 
in both directions normal to the crack. The process is then repeated at the following 
fibre, whilst opening of the crack leads to fibre brake and fibre pull-out, as seen in Fig 
2.4(d) and (e). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure   2.3 Damage mechanisms in fibre reinforced composites 
under tension at ply level [4] 
Figure   2.4  Crack growth representations in fibrous composites [4] 
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It can be seen that the general response of laminated composites subjected to 
tensile stress is much more complex than is for isotropic materials. Additionally, 
during loading other deformation processes can occur, such as bending, twisting and 
in plane shear deformations. In the following section the damage development in a 
cross-ply specimen is presented. 
 
 
When carbon fibre-reinforced cross-ply laminates are subjected to mechanical 
loading, several damage scenarios can occur, such as transverse matrix cracking in 
90⁰ plies, delamination at 
the interface  between 0⁰ 
and 90⁰ plies, axial splits 
in the 0⁰ plies in the 
direction of the loading 
and fibre fracture in the 0⁰ 
plies, as seen in Figure 
 2.5. Three out of these 
four major damage 
modes are primarily in-
plane damage events, 
because they occur in 
individual plies and are 
associated mostly with in-
plane stresses [6].  
Delamination, however is an out-of-plane damage mode and is a result of 
interlaminar stresses [7]. 
 
 
In case of uniaxial loading, the early stage of damage is dominated by transverse 
matrix cracking in 90⁰ plies. Matrix cracks develop across the width of the specimen 
starting from the free edges. The analysis of transverse matrix cracking is important 
2.3.2 Laminate Level
Figure  2.5 Common damage types in composite 
laminates [8] 
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since it reduces the effective strength and stiffness of the laminate. According to [8], 
in tensile loaded crossply laminates after delamination, the decrease in the Young 
modulus is not significant, however the decrease in Poisson’s ratio is. This is 
because in the direction of loading, the majority of the load is taken by the 0⁰ fibres. 
 
Matrix cracking 
 
Matrix cracks are the starting point of subcritical damage development that 
eventually can lead to failure. Matrix cracking is an intra-laminar failure mode, which 
means that it occurs within a ply. Matrix cracking results in the redistribution of 
interface stresses and can induce delaminations between the layers. In [9], cross-ply 
glass-reinforced polyester specimens were subjected to tensile loading. Various 
transverse-ply thicknesses were used and crack spacing was investigated in relation 
to the applied stress. It was shown that the density of crack spacing was proportional 
to the ply thickness and inversely proportional to the applied stress. The initiation, as 
well as the evolution, phases of cracking were analysed in notched and unnotched 
specimens, with thin and thick transverse plies, in [10].  
Numerous analytical models have been proposed to predict accumulated matrix 
cracking in laminated composites based on shear lag analysis and its modifications. 
A shear-lag analysis was developed in [11] for predicting stiffness deterioration in 
cross-ply laminates due to matrix cracking. In [12], the shear-lag analysis 
incorporates an energy criterion to predict matrix cracking as well as the stiffness 
reduction. Based on that work, [13] developed a two-dimensional shear lag analysis. 
Hashin [14] proposed an analytical model based on the complementary energy 
principle to predict stiffness degradation due to matrix cracking in cross-ply 
laminates. Based on Continuum Damage Mechanics (CDM), Talreja [15] first 
proposed a continuum model describing the internal damage in composites with the 
use of internal state variables.  
Delamination 
 
Delamination occurs between the plies of a laminated composite due to mismatch of 
Poisson’s ratio and in plane shear stiffness between plies. Hence, plies with greater 
difference in the in-plane properties are more prone to this damage mechanism. The 
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overall result of delamination can be a reduction of stiffness and strength [16]. 
However, although in-plane properties are not affected as much, the compressive 
strength as well as the Poison’s ratio are seriously affected [8]. 
For laminated composites, research into damage is dominated by the matrix 
cracking and delamination types of damage. Various models and simulation 
approaches have been developed to study the link between matrix cracking and 
delamination [17-18]. A three-dimensional finite-element analysis of CFRP cross-ply 
laminates was carried out by [17] in order to calculate the strain energy release rate 
as a function of the progressive delamination. This study revealed the significance of 
the interaction of transverse cracks and delamination in evaluation of the degraded 
Young’s modulus and strain induced by the damage development. In [19] a cross-ply 
laminate with a centrally located slit was examined under monotonic loading. 
Experimental results revealed a triangular delamination zone which could be related 
to the progressive formation of axial split starting at the edges of the slit. The author 
successfully simulated this phenomenon employing a finite-element method and 
interface elements. A similar approach incorporating interface elements was followed 
by [20] where quasi-isotropic laminates where tested. Matrix cracks were introduced 
at the locations observed in experiments, which acted as notches, while interface 
elements were embedded at potential locations of delamination development. 
Additional work done by the same author [18] extended this approach to CFRP 
laminates containing circular holes. The hole size effect on the tensile strength was 
investigated for sub-laminate level and ply-level specimens, demonstrating a large 
effect, both in damage mechanisms and failure stress. The crucial damage event 
observed in both cases was localised delamination at the hole edge. For ply-level 
specimens, delamination was the ultimate failure mechanism while for sub laminate 
level specimens fibre fracture occurred. 
Concluding, it can be said that matrix cracking and delamination are the dominant 
damage mechanisms in CFRP laminates. They interact with each other and can 
cause early failures of laminates. Matrix cracks are the origin of delamination 
initiation, and such interaction can be modelled and simulated using progressive 
damage models.  
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2.4 Failure Criteria in Laminated Long Fibre Composites 
 
 
Broadly speaking, strength based failure criteria for lamina can be categorised into 
two types: maximum stress and maximum strain. In the case of a laminate, failure 
prediction can be obtained by applying failure criteria on a lamina-by-lamina basis. 
Both maximum stress and strain criteria incorporate five sub-criteria each one of 
which describes a different failure state. If one of those criteria is exceeded then 
failure occurs. The following equation describes the maximum stress case. 
 
 
 
 

* *
11 11 11 11
* *
22 22 22 22
*
12 12
σ σ t;σ σ c;
σ σ t;σ σ c;                                           (2. 2.1) 
 
 
 
where t and c represent for tension and compression respectively while σ* is the 
ultimate stress. The maximum strain failure criteria are similar to the maximum stress 
failure criteria. A number of failure criteria have been proposed that consider stress 
and strain interactions present in intermediate angle laminates, such as: Tsai-Hill, 
Tsai-wu, and Hashin [22]. One of the most widely used is Tsai-Hill which is defined 
as: 
 
2 2 2
11 22 12
11 22 12
1
* * *
  
  
                                                        
( 2.2.2)
    
 
 
 
This criterion is an extension of the von Mises criterion as a yield criterion for 
orthotropic materials and is illustrated in Figure   2.6(c).  
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The Tsai-Wu failure criterion [21] is a phenomenological failure criterion which is 
widely used for anisotropic composite materials. The Hashin’s failure criterion [22] 
was specifically proposed for transversely isotropic composites, e.g. UD composites. 
From the above it can be stated that the interactive criteria are phenomenological 
models which predict failure in laminates with non-orthogonal plies better than the 
single maximum stress and strain criteria. 
 
 
 
 
 
Figure   2.6 Failure criteria of stress in x-direction as a function of angle of lamina 
using: a) maximum stress criteria, b) maximum strain criteria, c) Tsai-Hill criterion 
[22] 
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2.5 Fatigue in Engineering Materials 
 
 
Fatigue failures in metallic structures were observed in the 19th century. August 
Wohler is considered the pioneer in the field of fatigue. He concluded that a single 
load application far below the static strength of a structure is incapable of damaging 
the structure, however, when it is applied several times can lead to crack generation, 
crack growth and ultimately, catastrophic failure [23]. Although fatigue failures in 
metallic structures share a lot of characteristics with fatigue failures in polymers and 
composites, the latter employs mechanisms of fatigue that differ significantly from 
those in metals. Polymers and polymer composites tend to be more sensitive to 
environmental conditions, such as moisture and temperature. Furthermore, due to 
their viscoelastic nature at relatively low temperatures, their response to cyclic 
stresses can also be frequency dependent [24]. 
 In the following sections, basic concepts of fatigue and fatigue models are 
presented that will give to the reader a deeper understanding of the fatigue 
phenomenon. The main purpose of this chapter is to highlight the significance of 
accounting for impact fatigue when designing for service life. The following 
objectives are suggested 
 
 Review types of fatigue 
 Review the effects of impact fatigue on metals,  polymers and composites 
 Review predominant ways of analysing fatigue and fatigue damage 
 
Fatigue can be categorized in 3 types: 
 
 Standard fatigue (SF);  
 Variable Amplitude fatigue (VAF); 
 Impact fatigue (IF). 
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In SF, commonly a sinusoidal waveform is used with constant amplitude loading (or 
displacement) being characterized by a number of parameters, such as; maximum 
stress ( maxσ ), minimum stress ( minσ ) and frequency. These parameters are used to 
identify the following parameters which are shown in Figure  2.7:  
 
 Stress amplitude ( aσ =( maxσ - minσ /2));  
 Mean stress (   m max minσ ( ) / 2 );  
 Load ratio R ( minσ / maxσ ).  
 
 
 
 
. 
 
Fatigue data are commonly represented in S – N curves that relate a stress (or load) 
parameter to the number of cycles to failure (Nf) as illustrated inFigure  2.8. 
 
 
 
 
 
2.5.1 Standard Fatigue
Figure  2.7 Sinusoidal, constant amplitude waveform [27] 
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On the S-N diagram three important features are: 
 
 The fatigue life increases as the stress amplitude decreases. 
 Due to the logarithmic scale, a small decrease in the stress amplitude results 
in a great increase of the fatigue life. 
 At high cycles the curve is asymptotic to an infinite life at a stress amplitude 
of Se. For certain materials this is called the fatigue or endurance limit and it 
can be seen in most steels and certain plastics. However, Se does not exist 
for aluminium alloys. This means that failure will occur, regardless of the 
stress level, if fatigued for long enough. In this case a fatigue strength, Sf, can 
be defined for a practically infinite life relative to the number of cycles 
experienced during a parts life [24, 25]. This is typically 106-107 cycles. 
 
 
 
 
 
 
Endurance limit Se 
Fatigue strength Sf 
S 
LogNf 
Figure  2.8 S-N diagram 
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Variable amplitude fatigue (VAF) is the typical example of service loads. Sinusoidal 
loading which is present in laboratory conditions is not the case for applications such 
as suspension loading or transmission loading etc. In order to design accurately for 
VAF a simplified approach of the spectrum is required. For that reason, VAF is 
frequently simulated as blocks of constant amplitude (CA) fatigue loads, as shown in 
Figure  2.9. This method enables the analysis of VAF using similar techniques as 
those used in CA tests. These techniques utilise mostly linear damage laws using 
the S-N graph as inputs. However, in the case of VAF some of the difficulties 
imposing these laws are that the sequence or interaction of events might lead to a 
wrong estimation of life. For example, fatigue life can be affected by the change in 
mean stress when transferring from one CA block to other. 
 
 
 
 
 
 
 
 
 
 
 
 
 
It was found in [26] that case 1 was more harmful than case 2 in terms of overall 
fatigue durability. However, this tendency depends strongly on the number of 
transitions. Other authors have developed a model for combinations of transitions, 
otherwise known as the cycle mix effect model [27]. 
 
2.5.2 Variable Amplitude Fatigue
Figure  2.9 CA fatigue loads representing VAF [26] 
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2.6 Impact Fatigue 
 
The repetition of cyclic low energy impacts, with each impact being insufficient to 
cause the total failure of a structure or component can be defined as impact fatigue 
IF [28]. Research into impact fatigue started a similar time as standard fatigue SF i.e. 
in the middle of the 19th century. More than a century ago, a ‘shock-fatigue’ test, that 
involved a large number of relatively small blows, was used to study the response of 
steels to this type of loading and was compared with a static test and a single 
impact. Differences between the effects of impact fatigue and both single-impact 
loading and standard fatigue were noted in this work as well as the absence of a 
durability limit [28]. However, more than a hundred years after those conclusions, the 
area of IF is considerably less studied than that of SF. There are several reasons, as 
discussed below: 
a) Ambiguity in the choice of the loading parameter. For SF, an obvious 
parameter is the stress in stress-controlled fatigue. In impact fatigue, a 
maximum stress magnitude can hardly be used as a sole parameter as the 
same level of this parameter can correspond to different levels of the applied 
energy, depending on the loading conditions, especially impact velocity [28]. 
b) Controversy of impact fatigue results in different types of materials.  
Brittle specimens experience significant endurance when subjected to lighter 
impacts. Some authors even mention a higher resistance to IF than standard 
fatigue. An extreme example is shot peening, which is repetitive impacting 
with tiny particles. This results in improved fatigue performance as a state of 
compression is induced in a near-surface layer. Another example is repetitive 
impacting of laminated composites in drop-weight test systems, where the 
most affected zone is situated below the contact area, resulting in 
delamination initiation (in this part of the laminate) and its subsequent 
spreading to other parts of tested specimens. The controversy lies in the fact 
that in only few cases the residual strength is increasing. It can be seen, 
therefore, that there are many interacting factors, such as material type, 
impact speed as well as absorbing capability, affecting the behaviour of 
components and structures under repetitive low-energy impacting [28]. 
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Several tests can be employed to simulate IF in the laboratory but the literature 
review will concentrate at the most common, which are: 
 
 Charpy, Izod test (Pendulum impact testers),  
 Drop weight test 
 Split Hopkinson pressure bar 
 
These tests involve different rates of loading. Pendulum impact testers are in the 
range of less than 5m/s. Drop weight tests involve rates greater than 10m/s while 
Split Hopksinson pressure bar involves rates around 100m/s or greater. 
In the experimental work undertaken in this thesis a modification of Charpy and the 
Izod tests were employed. 
 
 
The most extended work on the IF behaviour of metals subjected to light blows, 
especially irons and steels, was carried out by Stanton and Bairstow [29]. Other 
authors [30-31] used Stanton and Bairstow’s results to develop phenomenological 
models for bot low cycle impact fatigue (LCIF) and high cycle impact fatigue (HCIF) 
of plain carbon steels. It was found that for HCF the IF limit increases linearly with 
the square root of silicon content while for LCF depends on the carbon, manganese 
and silicon content [31]. 
Most of the literature involves split Hopkinson pressure bar tests and the results are 
compared with SF in terms of fatigue strength, material deformation and 
fractographical features. In terms of fatigue strength the general trend notes that the 
IF strength is lower than the non-impact fatigue strength with the exception of few 
cases [32,34]. This phenomenon can be explained due to the fact that the IF loading 
time is very short (0.1-1% of SF). Short loading produces high strain rates which in 
turn raise the yield strength of the material. This means that plasticity deformation is 
2.6.1 Impact FatigueTests 
2.6.2 Impact Fatigue in Metals
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not as apparent as in SF. Propagation distance of the impact strain wave is short 
meaning that the resulting plastic deformation under IF concentrates very close to 
the Impact loading point. Since plastic deformation is more difficult than in SF, the 
deformation under IF is more non-homogeneous and shows signs of brittle 
fracture.The crack growth rates are also higher in the case of IF [32-34], again with 
some exceptions [35-36]. 
When examining the effect of the loading time of the impact the findings can be 
divided between notched and un-notched specimens. For notched specimen the 
longer the loading time the greater the impact fatigue life, which is due to increased 
plastic deformation that occurs with higher loading times. For un-notched specimens, 
the opposite trend is observed [32,37].The reason for this difference is that the crack 
initiation life is longer in IF for smooth specimens but shorter in notched specimens 
when compared with non-impact fatigue. It is also noted that the crack initiation life 
increases with increasing loading time. In both cases microstructural defects have a 
greater effect in IF than in SF [32]. 
 
 
 
Compared with metals, the literature on the effect of IF on polymers is quite limited. 
Due to the rate dependency exhibited by these materials, IF, as a general rule, is 
causing brittle failure due to high strain rates. Differences in the behaviour of brittle 
and ductile polymers subjected to IF were investigated by [38] using a drop weight 
test. For brittle polymers the absorbed energy remained constant during the fatigue 
life while for ductile polymers the maximum force increased or displacement 
increased. 
The properties and fracture behaviour of epoxy resins filled with SiO2 particles under 
IF and SF were investigated by [36, 39]. It was found that the crack propagation 
under IF was unstable and occured at a higher rate, reaching final fracture almost 
immediately. For SF, a lower crack propagation rate was observed and the crack 
grew in a more stable manner. 
2.6.3 Impact Fatigue in Polymers
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Others authors [40], have examined subcritical crack propagation in PMMA 
specimens in four point bend configurations struck with an incident bar at a rate of 
1s-1. The notched specimens were more resistant to crack propagation under IF than 
under SF. The stable crack propagation was larger under IF due to the fact that the 
elastic energy stored in the specimen, within the duration of each impulse, was 
dissipated in craze formation at the tip of the advancing front. 
According to [41], when a fracture mechanics approach was employed to evaluate 
the effects of impact fatigue damage on a rubber-modified epoxy-material in a 3 
point bend configuration, it was observed that there was no threshold value of the 
applied energy below which impact fatigue would not be observed. Furthermore, the 
crack-growth rate could be described by a power-law equation. Another observation 
that was drawn from this work was that the damage accumulation mechanism 
involved the growth of the initial crack until the crack length was such that the energy 
level required for the material to fail was the same as that required for the material to 
fail subjected to a single impact. 
In conclusion, it can be said that the majority of the authors above report that crack 
growth rates are higher under IF than SF and that cracks propagate in a more 
unstable fashion. 
 
 
 
 
Evaluating the mechanical properties and failure modes in composites can be 
challenging because of the non-isotropic, non-homogeneous nature of these 
materials and the complexity of failure mechanisms. In [41] a review of the testing 
methods for composites is presented. According to the author, tensile strength 
depends mainly on the fibres while compressive strength mainly on the matrix. It was 
also shown, that a material is more prone to failure under an impact blow in 
comparison to the same force applied more slowly. A number of authors have shown 
that low energy impacts, although insufficient to leave visible damage to a FRP 
surface, could create internal damage that could grow under cyclic loading [41-42]. 
2.6.4 Impact Fatigue in Composites
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This contradicts previous research which proposed a threshold energy below which 
no delamination signs are observed [43-45]. 
Impact testing of UD CFRP specimens using an Izod system was carried out by 
[43,46-47].It was demonstrated, that the impact response depends on the impact 
velocity, fibre and matrix architecture, interfacial bonding and volume fraction of the 
fibres. More specifically, in [46] quasi-isotropic laminates were shown to posses 
superior impact resistance to cross-ply laminates. In [47] it was revealed that the 
higher the interval impact time the higher the damage recovery (confining the 
damage zone to a small area). 
Interlaminar shear strength (ILSS) of CFRP has several characteristics under impact 
loading [48-52]. It Increases with increasing strain rate, varies during loading and 
unloading and decreases with an increase in temperature and impact energy. 
The effect of different ply stacking sequence on impact performance of CFRP has 
been investigated by [53-56] with a drop weight test. Non-woven composites proved 
to be less impact resistant than woven while replacing the 45degree plies with a 
woven fabric resulted in an improved impact performance. The order of stacking in 
laminates does not influence the impact strength [54]. However, in [55] 45degree 
plies found to increase the residual properties since the load carrying 0degree fibres 
were being protected.  In [56] two fibre geometries [±45°]4 and  [0/90°]2s stitch 
bonded glass fibre reinforced polyester resin composites have been investigated 
using a drop weight test. The [±45°]4 composite was found to be really sensitive at 
even low impact energies meaning that both strength and stiffness were significantly 
reduced. On the other hand, the [0/90°] geometry required higher impact energies for 
degrading its tensile properties. It was found that impact damage is influencing 
fatigue life and the fatigue performance is related to the post-impact residual tensile 
strength. This means that prediction of the fatigue life of impact damage composites 
maybe feasible by knowing the residual strength of the impact damaged composite 
and the S-N curve for the undamaged material. 
The damage induced by impacts can be investigated by the measurement of 
residual strength and fracture energy of impacted specimens [42-43, 57-61]. In [58] 
where plane weave CFRP specimens were tested using a drop weight test, it was 
demonstrated that damage may not be visible but the strength of the laminate can 
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still be decreased. Furthermore, it was shown that in tension the reduction in 
strength depends on the extend of fibre breakage and the difference between the 
response in tension and compression is due to delamination being less extensive in 
compression. In [43, 59-60] pre-impacted specimens were tested using a 
commercial CFRP and an instrumented Izod machine, to cause complete failure. 
The results showed that the energy necessary to break specimens could be divided 
into three ranges; initiation of micro cracks, debonding, and fracture. This division 
into various damage regions was also seen in curves of local damage vs. number of 
impacts for IF [60]. Finally the latest work on the impact experimentation involves 
impact response and energy absorption characterization of more advanced lay-ups 
and matrix, reinforcements such as woven twill, thermoplastic matrices and particle 
infused matrices [68-70].  
More specifically, in [68] the impact behaviour of carbon woven (twill 2x2, T300) 
specimens reinforced with standard epoxy matrix was examined under low velocity 
impact load. Specimens were subjected to drop-weight tests with energy values 
between 1.5J and 10J corresponding to velocities in the range of 1.5-3.3m/s. Four 
different stacking sequences were examined  [0]8, [0]4, [02/452]s, [0/45]s 
corresponding to nominal thicknesses of 2.4mm, 1.25mm, 2.4mm and 1.25mm 
respectively. The main results were presented with respect to contact load, absorbed 
energy as well as delamination formation/propagation. The magnitude of the contact 
load was increasing with increasing impact energy, as expected, but it was shown 
that there is an apparent 3-fold decrease with increasing laminate thickness. In other 
words the increase solely depends on the thickness and not the lay-up/configuration 
of the laminate. In terms of the absorbed energy, it was shown that there is a linear 
increase with level of impact energy and that the absorption percentage increases 
with thickness but also depends on stacking sequence. More specifically [0/45] 
interfaces improved the energy absorption. Lastly, the damage events prior 
perforation, such as damage initiation and delamination, are independent of impact 
energy levels and laminate lay-up but solely depend on the laminate thickness (2 
times higher threshold for higher thickness). In others words, it was shown that the 
damage initiation, in this particular case, is mainly controlled by the matrix. 
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In conformity with [69], in a similar low velocity drop weight impact study, the author 
compares the response of epoxy based laminate thermosets with thermoplastics 
such as PEEK laminates. Quasi-isotropic configuration of T300 3K5HS 2.5 mm thick 
specimens reinforced with thermoset and thermoplastic matrices  were subjected to 
impacts utilizing a drop weight tower with energies ranging from 2-25 Joules. The 
scope of this study was to prove if PEEK thermoplastic resin offers a promising 
alternative for TS resins. According to the author, the TS matrix has been used for 
over 40 years and presents drawbacks in the sense that needs low-temperature 
storage, difficult  to control curing process as well as long curing time. Alternatively, 
thermoplastics possess high degree of chemical resistance, are more flexible in 
wider range of temperatures and obtain better damage, impact resistance.  
The main findings are presented below with respect to absorbing capability and 
damage threshold. According to the experimental results deducted from the F-d 
graph, C/epoxy had the least absorbing capability at all the energy levels. Also, the 
after impact indentation threshold was reached at 11J in C/epoxy while in C/PEEK at 
16J. Epoxy always displayed larger delaminated areas than thermoplastic 
counterparts reaching twice as large delaminations for low energies and 70% for 
higher energies. The better performance was attributed to various interacting factors. 
According to the author, the initial matrix damage, which does not influence 
significantly overall stiffness, is an initiation point for delamination and fibre 
breakages. This damage depends on the out of plane and in-plane shear strengths 
of the matrix. In PEEK the out of plane strength is 54% higher that epoxy while the in 
plane is 30% higher. These cracks furthermore propagate in modes I, II interacting 
with the matrix regions and the structures. In other words, modes I, II interlaminar 
fracture toughness parameters are as important as the neat resin. The GIc of the 
C/PEEK is 6 times higher than the C/epoxy while the GIIc is 3 times higher. Also the 
neat resin is 40 times stronger in PEEK than epoxy. 
Lastly, in [70] the shear strength of the fibre matrix interface proved to be important 
in the impact behavior and damage tolerance of Kevlar composites. The results 
obtained in [70] are discussed in terms of load-time, load displacement, energy time 
and evaluation of damage. The author analyzed and contrasted the impact behavior 
of woven, bidirectional kevlar filled with epoxy and epoxy with nanoclays. The two 
sets of 3mm thick specimens were subjected to experimentation with a dropweight 
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testing device at 6, 12 and 21 J. In terms of average peak force in the F-t graph for 6, 
12J no significant difference was observed but at 21J a 16, 1% increase was 
observed for the nanoclay case. The largest displacement was obtained in 
specimens containing only epoxy. In terms of elastic recuperation, i.e energy at peak 
load minus the absorbed energy a 40.1% higher elastic recuperation was observed 
when nanoclays were added for the maximum impact energy of 21J.Similarly for the 
same impact energy nanoclays improved the residual strength by 27.1%. 
In addition to the material presented above, numerous researches have 
concentrated on the numerical aspects of IF in composites utilising modelling 
softwares. This section a description of the major published work on modelling of 
impacts in FRPCs. The main strategies to do this can be divided in three categories. 
Stress or strain based continuum damage approaches, fracture mechanics and 
cohesive zone approaches  
In the first category, normally, a failure criterion is imposed at the ply level of the 
composite and damage parameters are used to represent the damage scenarios. 
For example, in [62] two damage parameters were used to represent fibre-matrix 
debonding and transverse cracks effects. An attempt to implement failure criteria for 
laminated composite structures into LS-DYNA3D was carried out by [63]. Out-of-
plane stresses were considered for damage initiation. It was suggested that 
delamination is restricted by through-thickness compression and interlaminar shear 
stress. Interactions between various damage mechanisms have been considered 
and damage predictions were in conformity with experimental data. Impact damage 
was also investigated by [64] on graphite/epoxy laminated composites. A model was 
developed for predicting the initiation and propagation of damage as a function of 
material properties, laminate configuration and the impactor's mass.  
Fracture mechanics approaches [65], such as the (CCT), which although really 
popular couple of years ago have been replaced by cohesive zone modelling 
approaches because of some limitations such as preliminary assumption of a pre-
crack in the material and adaptive remeshing [66,67]. Most of the differences will be 
discussed in Section 2.9 
For the cohesive zone approaches the following section will inform the reader about 
the development of these techniques and the links with this work. 
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Damage in composite structures can be categorised in two main groups. Intralaminar 
failure and interlaminar failure. Intralaminar failure occurs at the ply level, and 
includes damage scenarios such as fibre tensile and compressive failure, matrix 
tensile and compressive failure as well as damage interaction between the fibre and 
the matrix interface. Interlaminar failure occurs between the adjacent plies. The 
intralaminar damage mechanisms are normally predicted using ply-based 
strength/strain failure criteria coupled with continuum damage mechanics (CDM) [71, 
72]. Delamination is mostly analysed with interface modelling techniques such as 
cohesive-zone models (CZMs) [73, 74]. Numerous studies applied the CZE 
successfully for delamination analysis in composites under tensile quasi-static 
loading regime such as [145, 146, 147-148,149-150]. 
The interface damage behaviour of   composite structures subjected to dynamic 
loads was recently studied in [151-155]. In the above work, inter-ply delamination 
was analyzed with interface modelling techniques such as cohesive-zone models 
(CZMs) whereas the intra-ply damage mechanisms was mostly predicted using CDM 
models that incorporated  a stiffness degradation parameter for each of the existing 
damage modes. More explicitly, in two of the papers that are more relevant to this 
work the authors established a large part of our methodology.  
In [154], a 3D FEM was built to examine behaviour of crossply carbon fibre 
composites under low velocity impact. 2mm thick laminates [0/90]2s were subjected 
to increasing levels of drop weight impact energy at 7.35J, 11.03J and 14.7J.The 
experimental results were kept in order to contrast with the FE model built. In the 
sequent work, the author used cohesive elements for the delamination mode, with 
the appropriate bilinear cohesive law, while Hashin and Puck criteria were used for 
the intralaminar damage. For the intralaminar damage evolution, the author imposed 
a stiffness degradation rule for each of the modes. Discrepancies between 
experimental and numerical results in the energy absorption parameters kept 
decreasing with increasing impact energy and at the highest level very good 
agreement of reaction forces and area / location of delamination area were achieved. 
In [155], low velocity drop weight impact experiments and the numerical verification 
was carried out on glass/epoxy laminates containing no hole, one hole and two 
holes. The specimens possessed a 2mm quasisotropic sequence and hole 
diameters of 4mm. A 3D FE model was built with mixed-mode bilinear cohesive law 
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implemented at the interfaces. The results were discussed in terms of load time, load 
displacement, energy time and profile of damage. The model represented 
adequately the experimentation and no large differences were observed in the load 
time relation or load displacement data. However, the absorbed energy as well as 
the damage size and outline were increased with the presence of holes.  
Despite the above work, several recent studies, such as [156, 157] showed that 
computational models based on CDM are incapable of accurately representing the 
discrete cracks in a composite laminate. In composite structures both interlaminar 
and intralaminar damage scenarios are interacting in the damage evolution acting as 
damage dissipation mechanisms. Due to the homogenisation process that the CDM 
models possess these discrete interactions are not being captured. This leads to 
loss of critical information regarding the coupling/interaction of multiple damage 
modes at the macro scale. A typical example is the false estimation of the crack path 
resulting to a mistaken estimation of the global stiffness of the structure. According to 
[157] to accurately predict multiple damage mode interactions, an explicit kinematic 
representation of all damage mechanisms in global models of composite structures 
is required. Furthermore the same author suggested that the above drawback could 
be resolved by representing all major damage modes in FE models by cohesive-
zone elements. Advanced CZM procedures are able to couple directly the bulk with 
the interface damage scenarios. In others words, damage initiation and evolution by 
accurately predicting the crack path scenarios is feasible.  
Recently, this interactive damage modelling approach was studied in [158-160]. In 
[158, 159] the author simulated fracture of quasi-isotropic laminate specimens in 
tension tests using CZMs accounting for both inter-ply delamination and intra-ply 
splitting damage mechanisms and their interaction. Okabe et al. [160] applied CZEs 
to model transverse cracks and delamination in cross-ply GFRP laminates loaded in 
tension. The FE models simulated complex progressive damage mechanisms in the 
laminates very well.  
At this point we need to reiterate on the basics of impact and also the dynamic 
tension. An important difference between static and impact loadings is that statically 
loaded components are designed to carry loads while components subjected to 
impacts are designed for energy absorption mainly. Dynamic response of composite  
structures can  be categorized  into high, intermediate and low-velocity impact. In our 
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case low velocity (large mass) scenarios occur. Low-velocity impact is associated 
with an impact, which is long enough for the entire specimen to respond to the 
impactor by absorbing energy elastically and through damage. Deformation of the 
entire structure is established in low-velocity impact. Response to low-velocity 
impacts can be treated almost as quasi-static because deflection and load would 
have similar relation as in a static loading.  The velocity range of these events can 
vary from 1 to 10 m/s, depending on the target’s stiffness, material properties and 
the impactor’s mass and stiffness. When the impact  velocities  are  below  5  m/s,  
the  response  type  is  controlled  by  the impactor/target (laminate) mass ratio 
rather the impact velocity [161]. Cantwell and Morton [162] has classified low velocity 
as up to 10 m/s, by considering the test techniques, which are generally employed in 
simulating the impact events such as Charpy, Izod and drop-weight impact tests. In 
our case a modification of Charpy has been used with velocities up to 7m/s. 
In conclusion, it can be said that since low velocity impact can be treated almost as 
quasistatic phenomenon and there is a background of work with quasistatic tensile 
modelling by [158-160] it is a valid starting point to use the above information to built 
a dynamic tensile FE model that utilises cohesive zone modelling not only for the 
intralaminar cases but for all the interactive damage scenarios. To the author’s 
knowledge most of the literature related to damage modelling of composites under 
impact is relevant to drop weight or modification of drop weight scenarios. 
At this point work on the analytical modelling will be presented. Broadly speaking, 
there are 3 ways of analysing fatigue life and damage analytically. This can be done 
with: 
 
 Fatigue life models 
 Phenomenological models 
 Progressive damage models 
 
This section is concentrated on analysis methods applied to SF regime and 
composite materials as there is little in the literature review on the analysis of IF. 
However, similar models can be implemented and applied to IF. The following sub-
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sections will describe the various different methods that have been used to analyse 
and characterise fatigue in composites. 
 
Fatigue Life Models 
 
Fatigue life models use S-N curves and Goodman-type constant life diagrams. The 
most common method to analyse fatigue life is the Palmgren-Miner (P-M) method. 
For a CA load, the Miner’s rule is defined as: 
 
nC=
Nf  
(2. 2.3) 
  
where n  is the number of cycles at a given stress amplitude ∆σ and Nf is the 
number of cycles to failure at ∆σ . C is called the Miner’s sum and is theoretically 
equal to one at the point of complete rupture [25].  An extension of the P-M rule is 
the Marco-Starkey model where damage can be defined as  
 
 
   
anD= ,
N  
( 2. 2.4 ) 
 
 
In the Howe-Owen model [75] the cumulative non-linear damage in glass reinforced 
composites is given by: 
 
 
             
2j
i=1
ni niD= A +B .
Ni Ni
 
(2. 2.5) 
 
 
where A and B are material’s  parameters while i and j are the initial number for the 
cycles and the last respectively. 
 
- 35 - 
 
Other models, experimentally characterising the fatigue life of using CFRP 
specimens, are the Adams and Harris’s model [76] and the Jen and Lee’s model 
[77]. 
An alternative to the fatigue life approach are the phenomenological models which 
can be categorised as residual stiffness or residual strength models. Residual 
stiffness models have an advantage over residual strength models because the 
residual stiffness data are not as highly sensitive to damage progression. In addition, 
this method can be used as a non-destructive measure. These models are 
discussed below. 
 
Residual Stiffness Models 
 
The Sidoroff & Sugadio’s model suggests that damage results from the degradation 
of elastic properties and can be defined as 
 
initial
ED=1-
E  
(2. 2.6) 
 
According to [78] the stiffness of elastic materials (E ) decreases as a function of 
numbers of cycles (n/Nf ). This reduction is carried out in three stages, formation, 
propagation and final failure, as seen in Figure  2.10. 
 
 
 
 
 
 
 
Figure  2.10 Stiffness degradation curve over life [78] 
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Damage growth in tension is described in Sidoroff &Sugadio’s model as: 
 
 
 
c
b
D A(∆ε) ,
n (1-D)  
(2. 2.7) 
 
 
wherec,b  are material constants and ∆ε is the applied strain amplitude. 
 
 
According Whitworth’s model   the residual stiffness is monotonically decreasing with 
increasing fatigue cycles [79]. 
The degradation law is defined as: 
 
 
aff
aff m-1
E (n) -a
n (n+1)Ε (n)  
(2. 2.8) 
 
 
where                              is the ratio between the residual and the failure stiffness. 
Also,a,m are parameters dependent upon stress, loading frequency and 
environmental conditions. Integrating the above equation and assuming that failure 
occurs when fatigue strain equals ultimate strain, the residual modulus is given by: 
 
 
     
       
1/mm/c2C2 static
max0 1static
1 max
1/σ σE(n)=E -hln(n+1)+ c ,
c σ σ
 
(2. 2.9) 
 
where: are constants, staticσ  is failure stress under static loading [79]. 
 
 
c1,c2
affE (n)=E(n)/E(Nf)
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Residual Strength Models 
 
The Yao-Himmel’s model considers that the experimental data follows a sinusoidal 
pattern on a residual strength Rσ vs fatigue life ( (Νf)  graph [25,80]. 
 
 
   
static static
R max
nsin(β )cos β-a
Nfσ =σ -(σ -σ )
nsin(β)cos β -a
Nf
 (2. 2.10) 
 
whereβ,a  are parameters defined empirically [80]. 
The Schaff and Davidson’s model was proposed to account for the damage 
evolution in composites under VA fatigue [27,81]. The model assumes that the initial 
residual strength is equal to σstatic (static strength) and it decreases with increasing 
number of cycles. Failure occurs after Rσ (n)  reaches the same value that has the 
maximum stress from the sinusoidal spectrum maxσ  which happens after N cycles. 
The model assumes that the residual strength Rσ (n)   for a block satisfies the 
following function: 
 
static static v
R max
nσ (n)=σ -(σ -σ )( )
N  
(2. 2.11) 
 
 
where v is a degradation parameter [81]. 
 
Additionally in the case of VA fatigue, the way the two-stress loading sequence is 
handled by the model is shown at Figure  2.11. 
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The curve ABCD represents the residual strength before completing two load blocks. 
Curve AB presents the strength degradation for specimens subjected to constant 
amplitude loading at stress level R1σ . Curve ACD presents the strength degradation 
of specimens subjected to constant amplitude loading at stress level R2σ .  
This model assumes that the specimen will be at point B when loaded at max1σ  by n1 
cycles and the strength will be defined by Equation 2.2.11 However, when the 
second load block appears, the system will follow ACD and point C represents an 
equivalent strength that a specimen has before being loaded max2σ  value. 
In other words, the specimens that reached point B following the AB path have the 
same residual strength and therefore damage as the specimen that reached point C 
following the AC curve. To achieve the shift from point B to point C, an effective 
number of cycles effn has to be introduced assuming that the specimen has the same 
strength between these two points. The effn  value is defined as the equivalent 
number of cycles required to produce the same strength loss in the second segment 
as that predicted to occur within the first segment [25,27]. 
 
Figure  2.11Schaff & Davidson’s method [27] 
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Progressive Damage Models 
 
These models use one or more damage variables related to manifestations of 
damage (transverse matrix cracks, delamination size). The graph in Figure  2.12  
shows, the algorithm plot of propagation rate against strain energy release rate (G) 
energy required to open the same crack. This graph is used to predict crack growth 
in a sample subjected to a defined fatigue load. It has to be noted that G  is usually 
used as a fracture mechanics parameter for adhesives and composites rather than  
K  which is used for metals [27]. Also maxG  is used over G because the cracked 
surface can be affected in the unloading process which results in an increase of the 
real value of minG [24]. 
 
 
Figure  2.12 Typical fatigue crack growth law and regions [27] 
Commenting on the graph it can be said that at region II (intermediate maxG  values) 
the curve is linear, but the crack growth rate deviates from that trend at high and low 
maxG values. The crack growth rate accelerates as maxG  approaches cG  which is the 
fracture toughness of the material. On the other hand the crack growth approaches 
zero at the threshold thG .Region II of the graph can be described by an empirical 
relation commonly referred to as Pari’s law [82]. 
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 
ma C∆G
N  
(2. 2.12) 
 
 
where mC,  are material constants determined experimentally and max min∆G(G -G ) is 
the fracture toughness values 
 
 
 
2.7 Fracture Mechanics 
 
In nature, there are two types of fractures. These can be categorised in crack 
dominated and yield dominated. Fracture mechanics approaches are employed for 
characterising crack dominant failures. 
Crack propagation is a product of stress distributions near the crack tip. There are 
three types of crack opening which are shown in Figure  2.13. Mode I denotes crack 
opening with the crack faces separated in direction normal to the crack plane. Mode 
II is characterized by an antisymmetric separation of the crack surfaces due to 
relative displacements in the direction of the crack front propagation. Finally, Mode III 
describes a separation due to relative displacements in z-direction. Fracture 
mechanics can be divided into linear elastic fracture mechanics (LEFM) approaches 
and non linear (NLEFM). LEFM treats a cracked body as linear elastic and the 
possible inelastic/plastic processes within or outside the process zone surrounding 
the crack tip must be restricted to a small region [83]. 
 
Figure  2.13 Crack propagation modes 
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NLEFM deals with materials that are loaded above the yield stress and therefore 
accounts for plasticity. 
 
 
Fracture mechanics theory was initiated by Griffith and developed by Irwin based on 
measurements that were carried out on glass rods [84,85]. Griffin proposed the 
energy balance approach while Irvin developed the stress field approach. 
 
 Energy balance approach  
 
Griffith accounted for crack growth in brittle solid materials and defined the concept 
of strain energy release rate G  which is defined as the energy dissipated during 
fracture per unit of newly created fracture surface area. This quantity is fundamental 
because the energy that must be supplied to a crack tip for it to grow must be 
balanced by the amount of energy dissipated due to the formation of new surfaces 
and other processes such as plasticity. 
 
For a crack length 2a resulted from tensile stress the energy release rate is given by 
 
2πσ aG=
E  
(2. 2.13) 
 
 
where σ,E   is the fracture stress and elastic modulus respectively  . 
 
Additionally G  can be expressed as: 
 


2P CG=
2B a  
(2. 2.14) 
 
2.7.1 Linear Elastic Fracture Mechanics (LEFM)
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Where P,B,C are the load, the width of the specimen and material’s compliance, 
respectively. 
 
Furthermore the critical stresses required for fracture initiation can be described as : 
 
 
 s2Eσ= πa  
(2. 2.15) 
 
 
where s,a,σ,E  are the surface energy , the crack length , the  applied stress and the 
elastic modulus in case of  plane stress , respectively. 
 
 
 Stress field approach     
 
The amplitude of the stress distribution in the area near to the tip can be expressed 
in terms of a scalar quantity called stress intensity factor (K).  It was proposed that 
the stress field around a crack tip at mode I of loading at a position with coordinates 
rand θ (using polar co-ordinates) 
can expressed as:  
 
I
xx
I
yy
I
xy
K θ θ 3θσ = cos (1-sin sin );
2 2 22πr
K θ θ 3θσ = cos (1+sin sin );
2 2 22πr
K θ θ 3θ= sin cos cos .
2 2 22πrt  
(2. 2.16) 
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where  IK  depends on geometry, the crack size, load level and load mode [65]. A 
useful relation, also defined by Irwin, was developed, correlating K with G using the 
Young´s modulus: 
2KG=
E'  
(2. 2.17) 
 
where 2
EE'=
(1-v )
 for a plane strain rate and E'=E for a plane stress one; 
Moreover   is the Poison’s ratio.  
If the body is exposed to more than one load mode, then a superposition expression 
for the total energy release rate ( ΤG ) can be used: 
 
 
2 2 2
I II III
T I II III
K K KG =G +G +G = + +(1+v) ,
E E E  
(2. 2.18) 
 
where the sub-indices denote each of the loading modes. 
 
Stresses at the crack tip in real life are finite because the crack tip radius can not be 
infinitely small. However linear elastic stress analysis of sharp cracks predicts infinite 
stresses at the crack tip. 
Simple corrections to LEFM are available from small crack tip yielding problems. For 
extreme cases of yielding a non linear approach should be used (NLEFM) that 
utilises alternative crack parameters. The size of the crack tip yielding zone can be 
estimated by the Irwin method [86]. Assuming the contour of the plastic zone is 
circular with a radius pr , using Equation 2.16  at θ=0 and considering the stresses in 
y  direction  the radius of plastic zone pr in mode I is: 
 
   
2
Ip
Y
K 1r = σ 3π  
(2. 2.19) 
for plane strain   
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   
2
Ip
Y
K 1r = σ π  
(2. 2.20) 
for plane stress 
 
 
 
 
As it was discussed above LEFM methods do not account for crack tip plasticity. 
In the case of crack tip plasticity G  cannot be determined since is affected from the 
plastic zone [25, 87,88]. 
The J  integral gives a way of determining the strain energy release rate in the case 
of the elastic-plastic behaviour.  
 

    
uJ W y T s
x
d d
 
(2. 2.21) 
 
where   is any path surrounding the crack tip, W is the strain energy density T  is 
the tension vector perpendicular to  , u  is the displacement vector and s  is the 
distance along the path  . 
It has to be noted that J cannot be evaluated in unloading conditions. According to 
[88] the J integral is the change in potential energy with respect to the crack 
extension for nonlinear elastic materials and can be reduced to the strain energy 
release rate for linear elastic solids: J=G . 
 
Structures are often loaded under dynamic conditions, yet this type of loading is 
neglected. Dynamic fracture mechanics (DFM) can be used to analyse dynamic 
problems. Dynamic problems can involve load oscillations in addition to inertia 
effects. What differentiates LEFM, NLFM to DFM is the stress wave propagation. 
The wave can travel in a material with wave velocity Vc  and therefore the strain in 
2.7.2 Non Linear Elastic Fracture Mechanics (NLEFM)
2.7.3 Dynamic Fracture Mechanics
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different segments of the material depends on the load rate, Vc  and the boundary 
conditions [89]. Noting that Vc  is a function of E and material density. The governing 
equation for Mode I crack propagation under elastodynamic conditions is based on 
the conventional static stress intensity formula and can be written as  
 
I IDK (t)=K (V)  (2. 2.22) 
 
where IK  is the instantaneous stress intensity and IDK  is the dynamic fracture 
toughness. 
According to [89−92] the dynamic stress intensity is given by the following equation. 
 
I IK (t)=k(V)K (0)  (2. 2.23) 
 
 
where k  is function of crack speed and IK (0)is the static stress intensity factor. In 
conformity with [93]: 
 
    
VK(V) 1- 1-hV
cr  
(2. 2.24) 
 
where h is a function of the elastic wave speeds and is given by  
 
22
2 2
1 1
2 c ch 1-
c cr c
é ùæ ö æ ö÷ ÷ç çê ú» ÷ ÷ç ç÷ ÷ç çê úè ø è øë û  
(2. 2.25) 
 
where 1 2c ,c  are the longitudinal and shear wave speeds, respectively while cr  is the 
Ralyeigh wave speed. 
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Fracture resistance can be assessed by a number of methods which are used to 
compute the strain energy release rate based on the results from FEA. 
The virtual closure technique [84−86,94−96] is ideal for determining energy release 
rates due to the fact that fracture mode separation is determined explicitly. It is 
based on the assumption that the energy released during crack extension equals the 
work required to close the crack back to its original position. Based on this 
assumption the energy release rate is computed from the nodal forces and 
displacements. Crack growth is predicted when the components of the energy 
release rate are equal to a critical value. This method can be easily applied to the 
finite element method as shown in Figure 2.14 
In this method the crack is extended, or closed during two steps. The change in 
strain energy ∆Ε , when the crack is extended from α  and (α+ α)  is assumed to be 
equal to the energy required for the crack to close between b andc  Figure  2.14, 
Figure  2.15. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.7.4 Numerical Methods for Fracture Mechanics
Figure  2.14 Crack Closure Method-Step 1 [65] 
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Virtual Crack Closure 
 
The virtual crack closure differs from the crack closure methods only in that the 
assumption that a crack extension of∆a  from a+∆a  (node i) to a+2∆a (node k) does 
not alter the crack tip state. It is a technique applied to evaluate strain energy release 
rate for crack propagation moded I and II.It is based on the evaluation of the crack 
closure integral. For a crack model with 2-D, four noded elements the energy 
required to close the crack along one element side is given by the following equation. 
 
  x b y b
1∆E= (Fc ×∆x )+(Fc ×∆y ) ,
2  
(2. 2.26) 
 
Where x yFc ,Fc  are direct and shear forces at point c and b b∆x ,∆y are the x and y  
displacements at node b, as seen in Figure  2.16. 
 
 
 
 
 
Figure  2.15 Crack Closure Method-Step 2 [65] 
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From the above it can be deducted that the energy ∆E  required to close the crack 
can be obtained from a single finite element analysis. 
 
 
 
2.8 Damage Mechanics 
 
 
A failure criterion utilizing a damage mechanics approach can provide several 
advantages over the fracture mechanics approach, which will be discussed. The 
fundamental difference between fracture mechanics and damage mechanics is that 
fracture mechanics deals with a crack in the macro scale with a given shape and 
position, while damage mechanics addresses the change in macro stress and macro 
strain (material degradation) due to the initiation and growth of micro-defects and the 
energy dissipated through plasticity around the crack tip in a ‘real-life’ material 
element under monotonic, cyclic or impact or loading. The general advantage, 
compared with classical fracture mechanics, is that, in principle, the parameters of 
the respective models do not necessarily need an initial crack for the analysis and 
take into account multiple cracks [97]. Damage models can be categorized according 
to their scale in 4 categories 
 Atomic scale 
Figure  2.16 Modified Crack Closure Method [65] 
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 Microscale 
 Meso-scale 
 Macroscale 
 
Regarding the atomic scale it can be said that damage at that level involves a 
reference to irreversible distributed configuration changes resulting from energy 
dissipation mechanisms such as rupture of atomic bonds. 
On the microscale, damage is determined by the number of microcracks, microvoids 
as well as their size and configuration. 
Damage on a micro level in a one-dimensional case loading case can be introduced 
as 
 
DSD= ,
S  
(2. 2.27) 
 
 
where DS,S  are the cross sectional area and the micro crack area as seen in Figure 
 2.17. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Failure occurs when D=1, while in the fully undamaged case D=0. However, through 
a process of instability the material is most likely to fail before damage reaches the 
critical value of 1. Assuming that no forces act on the surfaces of microcracks we 
Figure  2.17 Damaged element [5]. 
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can introduce the effective stress parameter effσ which is related to the surface 
resisting the load 
 
   
eff
DD
F F σσ = = =
SS-S 1-DS 1-
S
 (2. 2.28) 
 
 
 
On the macroscale in order to describe damage the use of effective state variables is 
common (scalars, vectors and tensors) as well as the use of the effective stiffness 
principle where damage evolution is related to the change in elastic properties. Using 
the elasticity law we can quantify damage by observing the variation in the elastic 
modulus. 
 
 
 
 
 
 
 
 
 
The elasticity modulus of the damaged material is  
 
 
effE =E(1-D)  (2. 2.29) 
 
For composites, when dealing with macro-scale the whole structure is regarded as a 
homogeneous continuum, and an anisotropic constitutive law is used to describe the 
structural behaviour. On the other hand, in the micro scale, the fibres, the matrix and, 
the fibre–matrix interaction are considered.  In the meso scale which is a stage 
between micro and macro the plies are analysed. The failure prediction of a 
laminated composite is treated on a ply-by-ply basis. The behaviour of the ply, which 
is considered as homogeneous, is supposed to be orthotropic. Physical degradation 
generally appears inside the plies (splitting, matrix cracks, fibre breakage, or in the 
case of delamination between the plies. 
Undamaged material Damaged material
D=0 0<D<1 
ε=σ/E  σε=
E(1-D)
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Progressive damage models mainly arise when dealing with the micro level. Initiation 
of fractures involves growth of microcracks, creation of newly fractured surfaces and 
plasticity around the crack tip. All the above processes result in energy dissipation 
which can be modelled by progressive damage models. These models can be 
divided into continuum and discrete. 
 
Continuum Approaches 
 
Continuum approaches involve damage models such as the crack band model 
(CBM) and non-local continuum damage models. 
In the CBM the fracture process zone is modelled using a single layer of continuum 
elements placed on a predefined crack path where the material properties are 
altered according to the element width. In other words the area under the stress 
strain curve is adjusted according to the width of the elements. The crack then 
evolves when the stress value goes to zero and as a result the element cells are 
removed.  
Although this approach is successful for mode I fractures it is difficult to implement in 
mixed mode problems because is very computationally expensive. More specifically, 
the width and length of the fracture process zone (FPZ) must be explicitly modelled 
with a very fine mesh. The same problem occurs in non-local continuum approaches 
[97]. 
 
Discrete Approaches 
 
Discrete approaches involve LEFM and CZM. Dugdale and Barenblatt [98,99]  are 
considered to be the pioneers of the CZM methods. The method involves the 
representation of a nonlinear crack tip process zone. This idea is applicable in quasi-
brittle fibre matrix composites where the fracture process is related to the 
development of a very narrow band, named the cohesive zone as shown in Figure 
 2.18. 
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The cohesive zone is created before the ultimate fracture, which is a more realistic 
approach for laminated composites as the onset of damage does not lead to ultimate 
failure [7,100]. The non-linear mechanisms can dissipate a considerable amount of 
energy so that additional external work is required for growth of the macro-crack 
which results in an increase of fracture toughness of the material [101]. 
In the CZM approach the cohezive zone is reduced to a line or plane of displacement 
discontinuity and the degrading mechanisms in the FPZ are characterized by a 
stress–displacement relationship across this line or plane. The crack grows when the 
separation of the starting point of the cohesive zone increases to a critical value. 
Until that critical displacement the, crack nucleation, propagation, and arrest have 
been accounted for. 
In the finite element method cohesive elements are placed at the separation 
interface between continuum elements. The constitutive properties of these cohesive 
elements describe the evolution of cohesive traction (stress) as the interface is being 
opened (opening displacement). Hence, the cohesive zone elements describe the 
cohesive forces which occur when material elements are being pulled. On the 
occurrence of damage growth these cohesive elements open to simulate the crack 
nucleation and growth.  
The constitutive behaviour of the cohesive elements is given by a traction-separation 
law or cohesive law. Cohesive elements serve the purpose of bridging the adjacent 
surfaces and direct the cracking in accordance with this traction-separation law. 
 
 
 
Figure  2.18 Schematic representation of a cohesive zone 
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 The traction is a function of opening displacement, i.e. 
σ=f(δ)  (2. 2.30) 
  
where σ  is the stress and δ  is the opening displacement.  
 
A vast range of different traction-separation laws can be found in the literature [98, 
99, 102-107] which are extensions, developments of Dugdale and Barenbatt, some 
of which are illustrated in Figure  2.19.  All of these laws exhibit the same global 
behaviour, i.e., the value of cohesive traction first increases as the cohesive surfaces 
separate until a maximum value of traction is reached, and subsequently the traction 
decreases to zero which results in complete (local) separation. This process applies 
to tractions in both normal and shear directions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  2.19Various cohesive laws proposed by different 
authors; (a) Dugdale;  (b) Barenblatt;  (c) Needleman; (d) 
Tvergaard & Hutchinson; (e) Scheider;  (f) Camacho & Ortiz; 
(g) Geubelle 
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In all the cohesive laws except (a) and (f) the traction across the interface reaches a 
maximum, then decreases and eventually vanishes, allowing complete decohesion. 
The main difference among all the cohesive models lies in the shape of the traction-
separation, and the constants that are used to describe the shape. 
Dugdale [98] assumed the finite stress at the crack tip of steel sheets to be the yield 
stress Figure 2.19(a). Barenblatt [99] investigated the equilibrium of cracks in brittle 
materials by defining the traction along the crack path as a function of the crack tip 
distance along the crack front Figure 2.19(b).  Application to other material systems 
such as biomaterial interfaces, elastoplastic materials was performed by [102,103] 
Figure  2.19(c), and [104] Figure  2.19(d) respectively. Extension of model (c) was 
performed by [105] to account for mixed-mode loading. The curve is shown in Figure 
 2.19(e). Camacho and Ortiz [106] employed a linear cohesive fracture mode to 
account for multiple cracks during impact damage in brittle materials. This model 
predicts failure by both shear and normal separation in tension and by shear 
separation in compression; its typical curve is plotted in Figure  2.19(f).  
Cohesive zone models have been used to analyse composite delamination 
problems. Geubelle and Baylor [107] utilized a bi-linear cohesive model to simulate 
spontaneous initiation and propagation of cracks in thin composite plates subjected 
to low-velocity impact. The traction-separation curves for this model are shown in 
Figure  2.19(g). Other authors also have studied problems of delamination in 
concentration free specimens [89-94], [108-113]. Authors [18,19] have studied 
damage is composites that contain notches such as slits and holes. For furher 
analysis  refer to section 2.6.4. 
 
Advantages and limitations of cohesive-zone model 
 
 
Cohesive-zone models use both damage and fracture mechanics approaches to 
define the behaviour of an interface. They are good compromise between 
computational efficiency and physical reality. Using cohesive models, we can have 
the following main advantages:  
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 A pre-existing crack region or propagation direction is not required for the 
application of the cohesive-zone model;  
 In the CZM approach, there is no energy dissipation at the crack tip (no stress 
singularities) and material failure is quantifiable by means of   displacements 
and stresses;  
 No need for adaptive remeshing to monitor crack progression which requires 
a fine mesh around the crack front (happens as  in the crack closure 
technique) 
 Not dependent on the shape of the crack front. Fracture mechanics methods 
are particularly dependant on this for the determination of the correct mix-
mode ratio 
 Even though the physical separation occurs, mathematically the continuity 
conditions are maintained by the cohesive model ;  
 It can also be perceived at the meso-scale as the effect of energy dissipation 
mechanisms, energy dissipated both in the forward and the wake regions of 
the crack tip;  
 
 
 
 
Limitations 
 
 Cohesive elements require a very fine mesh to remain accurate and this is a 
drawback when dealing with large structures 
 
 Cannot account for random crack front shape meaning that differentiation 
between shear damage in mode II and III is not feasible 
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2.9 Summary 
 
 
Presented in this chapter is a review of available research work addressing the 
damage in CFRP laminated composites under dynamic conditions. The main areas 
related to this topic were reviewed and important conclusions are summarized 
below. The basic principles of available experimental methods and their 
implementation to the analysis of damage in laminated composites were discussed. 
The modelling methods that are suitable for analysing the various damage 
mechanisms in such laminates were also presented. 
Damage mechanics-based models have shown significant success in modelling 
stiffness degradation in laminated composites. Cohesive zone models were found to 
be capable of investigating damage initiation and propagation under static and 
dynamic conditions. To the author’s knowledge, modelling of crossply composite 
damage under tensile uniaxial dynamic conditions using only cohesive zone 
elements has not been investigated in the past and this was emphasized in section 
2.6.4. 
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Chapter 3 Materials and Experimental techniques 
 
 
 
3.1 Introduction 
 
 
The main aim of this chapter is to describe the materials, specimens and procedures 
used in the experimental programme. This chapter contains the following: 
 
 A description of the materials used in this research.  
 A description of the specimen geometric configurations used. 
 A description of the machines used for static and impact tests. 
 A description of the cyclic impact tests performed and test parameter used  
 A description of the apparatus used to analyse the damage in the samples 
post-impact. 
 A description of the techniques used to measure damage. 
 
3.2 Materials 
 
 
Two carbon fibre reinforced polymer (CFRP) composites were used in this research. 
These are described below. 
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The Izod impact fatigue test (IIFT) specimens used in this work were made from 
IM7/8552 unidirectional (UD) CFRP, supplied by Hexcel Corp., Duxford, UK. This 
material is commonly used in aerospace applications. The matrix, HexPly 8552, is an 
amine cured toughened epoxy material, the properties of which are shown in Table 
 3.1. The carbon fibre used as reinforcement in the composite is the intermediate 
modulus fibre HexTow IM7. UD pre-preg material with a nominal fibre volume 
fraction of 0.6 and thickness of 0.125mm was laid up in a 8-ply and 32-ply stacking 
arrangement since 2 thicknesses were studied. The final plate dimensions were 
250mm x 200mm and the thicknesses of the cured plates were approximately 1mm 
and 4mm respectively. The plates were cured for 2 hours at 182ºC, with an initial 
autoclave pressure of approximately 700 kPa. Material data for UD IM7/8552 from 
the Hexcel product datasheet is shown in  
 
Table  3.2.  
Table  3.1 Properties of 8552 matrix at room temperature [114] 
 
 
 
 
 
 
 
 
Table  3.2 Properties of IM7/8552 composite at room temperature [114] 
 
E11T 
(GPa) 
E22T 
(GPa) 
E33T 
(GPa) 
G12 
(GPa) 
G23 
(GPa) 
G13 
(GPa) 
12   23 13 
165 11.38 11.38 5.12 5.12 3.92 0.3 0.49 0.3 
3.2.1 IM7/8552 
Glass transition temperature Tg (°C)                              200 
Cured density ρ (g/cm3)                                                  1.3 
Tensile strength (MPa)                                                   121 
Tensile modulus (GPa)                                                   4.67 
Elongation at failure (%)                                                 1.7  
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S11T 
(GPa) 
S11C 
(MPa) 
S22T 
(MPa) 
S22C 
(MPa) 
2.6 1.5 60 290 
 
 
The tensile impact fatigue test (TIFT) samples were made using UD carbon/epoxy 
T700/LTM45 prepreg with a nominal ply thickness of 0.128 mm. The T700 fibre is 
used in the wings and the fuselage of airplanes and is due to its high strength. 
LTM45 is a toughened, low temperature curing epoxy resin capable of high 
temperature end use. The composite system T700/LTM45 (From Advanced 
composite Group ACG), was selected because it can be easily cured at low 
temperature and its mechanical properties have been characterised in 
Loughborough University. Its UD mechanical properties are displayed in Table  3.3 
and were measured in Loughborough University. Two cross-ply lay-ups of 02/904/02 
and 04/908/04 were selected, as this enables a number of failure mechanisms to be 
investigated in a relatively simple system and investigate the effect of thickness on 
the fatigue life. Laminates of 100 mm × 150 mm were laid up in 8-ply and 16-ply 
stacking arrangements and cured in an autoclave at 60°C under a pressure of 0.62 
MPa for 18 hours. The thickness of the cured plates were approximately 1mm and 
2mm respectively. Each sandwich panel was then cut into four 25 mm × 150 mm 
specimens using a water jet cutting procedure. 
Table  3.3 Properties of T700/LTM45 composite at room temperature  
E11T 
(GPa) 
E22T  
(GPa) 
E33T 
(GPa) 
G12 
(GPa) 
G23 
(GPa) 
G13 
(GPa) 
12 23 13 
127 9.1 9.1 5.6 5.6 4 0.31 0.4 0.31 
 
 
For the uniaxial impact specimens end tabs were introduced at the stress areas. 
Aluminium end tabs were fitted using the adhesive/primer combination FM 73M/BR 
3.2.2 T700/LTM45 
3.2.3 Adhesive/Surface Preparation
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127 from Cytec Industries Inc. FM 73M is a general purpose aerospace adhesive 
designed to provide structural performance in the temperature range -55°C to 82°C, 
giving good durability for metals and composite bonds. This adhesive is supplied in 
films of 0.12 mm nominal thickness. BR 127 is a modified epoxy-phenolic primer that 
contains 10% solids, of which 2% is a strontium chromate corrosion inhibitor. The 
remaining 90% of the solution is methylethyl ketone (MEK) solvent. The surfaces of 
the joining areas were subject to a surface treatment prior to bonding in order to 
improve adhesion and increase repeatability in the tests. Initially, grit blasting of the 
surface of both aluminium and composite specimens was carried out, employing 
alumina particles with dimensions of approximately 400 μm under a pressure 55 kPa 
with a working distance of 15-20 cm. The grid blasting procedure was carried out 
utilising a Guyson 300/200AD blast cleaner .This kind of pre-treatment increases the 
contact area between the adhesives and the adherends resulting in a better 
interaction between these two components [28]. 
The next stage was a degreasing process with acetone; aluminium tabs and 
composite specimens were placed into a Pyrex vessel filled with acetone and 
exposed to ultrasound for 10 minutes. The ultrasonic bath used was a Decon 
FS200b. This process was repeated twice in order to fully remove any particulates 
from the surfaces before the priming stage. At this stage, a thin film of BR127 primer 
was applied to the bond area and dried for 30 min at room temperature. Following 
drying, the plates were placed in a Gallenkamp oven and cured at 120C for 1 hour. 
A sheet of FM 73M adhesive supplied by Cytec Ltd was cut into pieces 12.5mm x 
15mm. One piece of adhesive was placed to overlap between the adherends for 
each sample, and any excess adhesive was cut off. The bonding procedure was 
achieved by fixing the adherends using clamps and curing for 60 min at 120C. 
 
3.3 Specimen Manufacture 
 
 
Two different types of configurations were used: 
• Izod impact fatigue test (IIFT) specimens 
• Tensile impact fatigue test (TIFT) specimens 
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The IIFT specimens used in this research served the purpose of evaluating the 
impact toughness of CFRP under fatigue conditions and the effect of specimen 
thickness on fatigue life. The two sets of samples were manufactured in conformity 
with British standard (BS EN ISO 180:1996) and were termed Group A and B, as 
shown in  
 
Table  3.4.The samples, shown schematically, in Figure  3.1, were notched using a 
single-tooth carbide cutter with a slow cutter speed, fast feed rate and the use of 
coolant in order to avoid thermal damage to the sample. Notches of 2 and 6mm 
depth were cut into the 1mm thick specimens (8 in total) and 4mm thick (16 in total) 
specimens respectively. In the Izod test samples must have a 45 V notch in the 
middle of the sample length and the hammer must strike 22 mm above the notch. 
 
 
 
 
 
 
 
 
 
 
 
3.3.1 Izod Impact Fatigue Test Specimens
Figure  3.1 Schematic of the IIFT specimen where L is the length, W is the 
width and t is the thickness. 
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Table  3.4  IIFT specimen configurations all dimensions in mm 
 Width (W) Length(L) Thickness (t) Notch depth 
(Nd) 
GROUP A 10 80 1 2 
GROUP B 10 80 4 6 
 
 
The TIFT specimens were used in this research to analyse fatigue crack growth. The 
specimen configuration, as shown in Figure  3.2, was adopted in conformity with BS 
EN ISO8256:2004, with modification to fit the tensile impact machine shown in 
Figure  3.7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Initially the specimens did not contain a centrally located hole and evaluation of 
fatigue life was impossible as the specimen remained relatively undamaged up to 
100,000 cycles when impacted with 1J. The decision to introduce a hole rather than 
3.3.2 Tensile Impact Fatigue Test Specimens
Figure  3.2 Schematic and dimensions of TIFT specimens, units in mm  
44 
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a notch or a slit, was because this is a more controllable parameter and has a more 
direct industrial significance, e.g. in bolted CFRP structures. The reason for the 
diameter selected was 2-fold. First, in industry a common range for drilling in 
composites is 2-12 mm. Secondly, the specimen should be more prone to damage 
than the end tab area, which contains a hole of 6mm. Holes were drilled using a 
carbide tip tool at feed rates of 100mm/min and spindle speed of 3000 RPM which 
results in the lowest thrust force for drilling, minimising damage around the drilled 
hole [115]. The specimen was clamped during drilling to avoid oscillations that could 
lead to the generation of further damage in the CFRP around the hole.  
 
3.4 Experimental Test Procedures 
 
The following sections describe the mechanical tests conducted on the CFRP 
specimens. The tests can be divided as follows: 
 
• Impact fatigue tests 
     Izod test (IIFT) 
     Tensile test (TIFT) 
 
 
The Izod test is a single impact test used to measure the impact resistance of a 
material. In that test the reduction in kinetic energy of a swinging pendulum is 
equated to the energy required to completely break a notched sample of standard 
dimensions. The notch in the Izod specimen serves to concentrate the stress, 
attenuate plastic deformation, and direct the fracture behind the notch. Scatter in 
energy-to-break is thus reduced. Izod impact strength is expressed in kJ/m2or kJ/m 
depending on the standards followed. For example if the ISO standards are used 
then the results are reported in terms of energy absorbed per unit cross-sectional 
area under the notch while if the ASTM standards are used the energy absorbed per 
unit of specimen width is utilised. In either case, the higher the resulting number, the 
tougher the material. Brittle materials such as composites tend to exhibit low impact 
energy due to their relatively low energy absorption capabilities. The Izod impact 
fatigue test utilises the same principles as the Izod with the difference that is 
concentrating on the fatigue response and progressive damage accumulation rather 
than the energy absorbing capability during a single impact. Testing involves a 
specimen clamped into the test fixture with the notched side facing the striking edge 
of the pendulum, as shown in  
3.4.2 Izod Impact Fatigue Test
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Figure  3.3. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  3.3 Impact test set-up indicating the position of the specimen in the vice, the 
motion of the Izod hammer and the impact point 
 
In this work a calibrated impact hammer with mass of 0.334 kg and nominal length of 
0.3268 m was used. The pendulum hammer was released from a pre-selected initial 
angle in the range of 0-150 which corresponds to a potential energy in the range of 
0-2J and velocity between 0-3.46m/s. The IIFT were carried out using a modified 
CEAST Resil impactor, which is shown in  
Figure  3.4. The specimen is supported at one end by an instrumented vice and its 
opposite end is struck repeatedly by a controlled pendulum hammer, with the 
hammer being caught and returned to the same starting position after each impact. 
The impact of the pendulum hammer in the specimen produces a flexural loading 
over a period of 6-7 ms and the period between the impacts is approximately 15s. 
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The evolution of force, displacement and the energy during each impact can be 
monitored at 5μs intervals and up to 8000 points can be stored for each impact. In 
order to decrease the data noise a 1 KHz filter can be used. The amplified and 
filtered data is downloaded to a computer as magnitudes of force and time and this 
data is then used to calculate velocity, V, displacement, d, and absorbed energy, E, 
for each impact, as indicated in Figure  3.5.  
 
 
Figure  3.4 Izod test configuration during testing 
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Figure  3.5  Data acquisition procedure during testing 
 
 
Initially, the velocity (V) is calculated based on the initial/previous velocity, time 
difference t, the mass of the pendulum (m) and the acceleration of gravity (g). 
The relation that describes the above is: 
 
  
Vi=Vi-1-∆t( Fi-1+Fi2m -g)                     (3.1)
 
where F in the impact force which the pendulum strikes the specimen. 
Similarly, displacement of the specimen during impact (d) and impact energy (E) are 
given by: 
 
  di=di-1+
∆ݐ
2 (Vi-1+Vi) (3.2)
 
 
                                                 Ei=Ei-1+
∆௧
ଶ [(FV)i-1+(FV)i]                                                              (3.3) 
 
where i is the surrent state of measurement and i-1 corresponds to the previous 
measurement. 
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The TIFT used for our experiments utilises a CEAST RESIL impactor which differs 
from the Izod impactor by having 2 impact points. The basis of this method is that a 
specimen is supported at one end in a vice and its opposite end is struck repeatedly 
by a controlled pendulum hammer, resulting in a dynamic uniaxial tensile load.  The 
specimen is clamped at one end to a specimen support using bolts. A load cell is 
also rigidly fixed to this support. At the free end of the specimen a special impact 
block is fixed. This block consists of a two plates held together by bolts. A firm 
connection between the specimen and impact block is obtained by compression of 
the plates. The impact block is struck by a pendulum hammer at the location 
indicated in Figure  3.6. The experimental set up can be seen in Figure  3.7. 
 
 
Figure  3.6 Schematic of specimen fixture for impact fatigue. (a) Top view, arrows 
denote impact loading direction, (b) Side view 
 
3.4.3 Tensile Impact Fatigue Test
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The pendulum hammer is released from a pre-selected initial angle in the range of 0-
150° which corresponds to a potential energy in the range of 0-4 J and velocity 
between 0-3.7 m/s. The impact of the pendulum hammer produces a tensile load in 
the specimen over a period of 6-7ms. The period between the impacts is 
approximately 15 s. The evolution of force during each impact can be monitored for 9 
ms with up to 8000 data points for each impact. The amplified and filtered data are 
then downloaded to a computer as magnitudes of force and time and this data is 
then used to calculate velocity V, displacement, d, and energy E, for each impact. In 
our experiments the specimens were impacted at 1J, which corresponds to a 
hammer velocity of 1.48m/s. 
 
Figure  3.7 Experimental set-up highlighting the impact points and impact block 
 
 
Non-destructive testing (NDT) is conducted both throughout the production process 
and the ultimate use of the composite for quality control purposes. Techniques such 
as ultrasounds, acoustic emission, resonant frequency, piezoelectric paint sensors 
3.4.4 X-ray Micro-Computer Tomography
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and light microscopy are amongst those that can be used to identify fibre pull-out, 
delamination and other damage modes. 
X-ray micro-computer tomography (MCT) is a useful tool for the characterisation of 
internal flaws. It allows full insight into the inside of materials and structures. The 
principle of the technique is fundamentally very straightforward and is illustrated in 
Figure  3.8.  
 
 
 
Figure  3.8 Schematic of MCT procedure [116] 
 
The object is placed on a rotary stage between the X-ray source and detector. A 
high-precision microfocus source generates the X-ray radiation which is focused at a 
point within the sample. A digital flat panel detector captures a 2D image of the X-
rays patterns that have passed through the specimen, showing different shades of 
gray depending on material and geometry. Thicker of denser material translate into 
darker areas than thin or light materials [5]. 
X-ray has been applied to date, mostly to metal-matrix and ceramic-matrix 
composites under drop-weight tests [117-123]. Some work has been carried with 
polymer matrix composites to characterise impact damage; investigating the fibre 
fracture and delamination associated with penetration tests [124-127].  
In the most recent and relevant work of [124] unotched CFRP thermoplastic 
composites were subjected to repeated Izod impact testing and damage progression 
was evaluated by means of NDT.  The NDT radiographs revealed successfully the 
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damage evolution, at frequent intervals, against the number impacts to fracture. 
Three distinct zones were identified:  fibre micro buckling and shear fracture of fibres 
(1st zone), development of delaminations and matrix deformations (2nd zone), 
further development of delaminations and fibre rupture especially in tensile area 
(zone). 
In our X-ray micro-CT measurements were performed using an XT H 225 X-ray and 
CT inspection system supplied from Nikon metrology instruments. The system 
consists of a 1-dimensional x-ray detector that captures the 2-dimensional cross-
sections of the object projected from an electronic x-ray source as shown in Figure 
 3.8. The source is a sealed X-ray tube operating at 25–220 kV with 3 μm spot size. 
Data were collected at 70kV and 80μA. An object manipulator with two translations 
and one rotation facilitates rotating the sample for acquisition of tomographic data, 
raising/lowering the sample to select a region of interest, and translating along the 
optical axis to adjust the magnification. For 3-D reconstruction, transmission X-ray 
images were acquired from 3600 rotation views over 360° of rotation (0.1° rotation 
step). Following acquisition, a software program builds a 3D volume dataset by 
'stacking' the individual slices one on top of the other. 
The quantification of damage required the use of add on modules in the post 
processing procedure. The crack detection module is based on an existing region of 
interest (ROI).This selection mode requires an existing ROI describing one or more 
(small) “seed areas” inside the crack to be detected. Based upon this region, the 
crack detection will use one of the specialized region growing methods. The region 
growing is always three-dimensional and consists of two steps. 
 
• Checking if each individual voxel is part of a defect and then create groups of 
connected defect points. 
• Checking if each group of defect points fits the parameters specified by the user 
such as the following algorithms. 
 Only threshold 
Only defects that match the size specifications and values below a specified gray 
value threshold are considered  
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 Default 
Accounting for gray value variations 
 Custom  
Defect analysis that is based on a manually defined ROI 
 
When crack detection is active analysis information on each defect may contain 
information like position, size, surface and volume of each individual defect as well 
as minimum, maximum and mean gray value within the defect. Figure  3.9 illustrates 
the acquisition of quantitative data. 
 
 
 
Figure  3.9 Surface area of the defect‘s shape projected along the axes o the 
currently selected coordinate system [116] 
 
 
3.5 Summary 
 
This chapter has described the experimental materials and techniques used to 
prepare and test CFRP specimens under various loading conditions and 
characterised the ensuing damage in tested samples.  
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Chapter 4 Experimental results 
 
 
4.1 Introduction 
 
 
The main aim of this chapter is to characterise and quantify the response of CFRP 
specimens when exposed to IF. The chapter deals with a detailed experimental 
analysis of the behaviour of the Izod and tensile impact fatigue tests. The following 
sections present the experimental work carried out to obtain the impact fatigue life 
behaviour for the two different tests. The experimentation was based on the following 
objectives: 
 To study the fatigue life of  specimens subjected to IIFT; 
 To study the fatigue life of specimens subjected to TIFT; 
 To study the stiffness deterioration of  specimens under TIFT; 
 To determine the repeatability of the fatigue life for both tests; 
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 To perform a detailed M-XCT study of damage for specimens subjected to IF 
conditions. 
 
 
 
 
 
 
 
 
4.2 Fatigue Life of Specimens Subjected to Impact Izod Fatigue 
Test. 
 
The following subsections present the results obtained from subjecting specimens to 
IIFT. Additionally, the methods that are used to analyse the fatigue life and fatigue 
damage in the specimens are discussed. 
 
Izod impact fatigue (IIF) tests were carried out using the modified CEAST RESIL 
impactor described in Section 3.4. A pendulum hammer that transmits a maximum 
energy of 2 J was used. Different energy levels were used, in the range from 0.02 J 
to 2 J. This corresponds to impact speeds varying from 0.31 m/s to 3.46 m/s, 
respectively. Variations in the initial impact energy and velocity were achieved by 
changing the initial angle of the hammer. Impact tests were conducted in energy 
control which means that the applied force is not a directly controllable variable. 
Impact damage can be characterised by a decrease in impact energy (E) with 
number of cycles required to failure Nf [25]. The type of failure that defined the end 
of the test was a complete break through the specimen that separated the specimen 
into two. An E vs Nf plot for both 4mm and 1mm thick samples is presented in Figure 
 4.1. The energy lost by the pendulum during the complete rupture of the specimen is 
mainly the sum of a) the energy to initiate fracture of the specimen, b) the energy to 
propagate the fracture across the specimen and c) the energy necessary to 
4.2.1 Test Results
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completely toss the free end. Unfortunately, the force sensor attached to the Izod 
hammer returned accurate F vs time data only for very low energies and for few 
impacts. In others words, for this test the energy absorption history could not be 
recorded. However, the figure demonstrates a similar trend in the data for the first 
and second groups of specimens in that there is an approximately linear relationship 
between E and log Nf. These graphs show that as the impact energy decreases, the 
number of cycles to failure will increase in a quasi-linear fashion. Additionally it is 
important to note that in both cases a fatigue limit is not clearly observable. The level 
of scatter in the results does not vary significantly with different energy levels.  
 
 
 
Figure  4.1 Impact energy (E) vs number of of impacts to failure (Nf) during IF in semi 
logarithmic coordinates 
 
As it has been said two different thicknesses were tried, 4mm and 1mm, with 6mm 
and 2mm notch radius respectively. Of course, the impact energy associated with a 
given Nf is significantly lower for the 1mm thick samples than for the 4mm thick 
samples with the ratio in impact energy being approximately the same as the 
thickness ratio. However, analysis of the notch sensitivity between the two groups 
requires normalising the 4mm thick data. This is illustrated in Figure  4.2 
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Figure  4.2 Effect of notch sensitivity on the impact life 
Although, ideally more points are required, the above graph could be used to 
describe the effect of the notch sensitivity on impact life, i.e. the variation of 
absorbed energy as a function of notch radius.  
Additionally, the experimental results acquired are re-illustrated and contrasted with 
the works of [59] in Figure  4.3. In [59] low velocity repeated impacting was carried 
out on thermoplastic matrix composites up to fracture. An analytical model (Coban 
model) was fitted describing the IF behaviour of unnotched unidirectional carbon 
fibre reinforced Polyetherimide (PEI) composites. As seen, up to 0.57 J, the impact 
numbers up to fracture show a parabolic variation. Lower than this impact energy 
value, the impact number up to fracture increased. The equation of the impact-
fatigue life curve for the Coban model can be expressed as: 
y= 1.2226.1012[e(x/-0.02737)] +90.66. 
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Figure  4.3  Analytical models for repetively impacted unidirectional composites. 
 
In our case, if we called impact energy as ‘‘y” and impact number as ‘‘x” the equation 
of the impact-fatigue life curve can be expressed as: y=-0.20ln(x) + 1.946.	 The 
results have shown that CFRP’s are susceptible to rapid degradation and failure 
when subject to IF. It is also seen that IF can be characterised for the specific 
configuration and sample type using E-Nf graphs. Analysis of the evolution of 
damage in the samples during IF is required to understand the mechanisms of 
failure. This will be discussed in the following section. 
 
 
Studies of specimens tested in IF were performed with a special specimen 
configuration for XCT study, since as for accurate resolution of micro cracks the 
width of the specimen should be limited to 4-5 mm. Furthermore this specimen was 
notched at 1mm while the length and thickness was kept the same as Group A Table 
3.4. The sample was subjected to 250,400 and 600 impacts of 0.02 Joules. It has to 
be noted that after every set of impacts (250,400 and 600) the specimen was 
removed and examined. The main XCT scanning and reconstruction parameters 
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4.2.2 Examination of Damaged Surfaces
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were the resolution, which was 3.5 μm, and the exposure time, that was kept at 1s. 
Figure  4.4 shows the dimensions of the specimen as well as the region of interest 
(ROI) selected for analysis.  
 
 
Figure  4.4(a) Specimen schematic highlighting the region of interest (ROI), (b) Side 
views and front view of the ROI 
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In Figure  4.4(b) the side and front views of the 
undamaged specimen from the XCT are 
presented. Signs of matrix cracking and fibre 
pullout are visible at the edges of the sample 
due to the machining of the notch (front view 
Figure 4.4b); the cutting plane was 
perpendicular to the fibre direction. After 250 
impacts the specimen was removed from the IF 
machine and was re-examined. A through 
thickness view of the damaged specimen at 
after 600 impacts can be seen in Figure  4.5 
Figures 4.6-4.10 show the comparison between 
undamaged and damaged states of the tested 
specimen.  
 
 
 
 
 
 
 
Figure  4.6  Right-side view before testing (a); after 250 impacts (b); after 400 
impacts (c) and after 600 impacts (d) 
 
 
 
Figure  4.5  ROI schematic of the 
damaged volume  
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Figure  4.7 Left-side view before testing (a); after 250 impacts (b); after 400 impacts 
(c) and after 600 impacts (d) 
 
 
 
Figure  4.8 Views for successive sectioning along the z axis at 3 intervals of 0.5 mm 
(after 250 impacts) 
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Figure  4.9 Side view indicating the relative positioning of crack (a) and notch and 
crack intersection with the notch (b) 
 
 
Figure  4.10 Views of successive sectioning at 5 intervals of 0.2mm along the y axis 
after 250 impacts (Note that the notch depth is 1mm) 
 
A crack can be seen to be growing substantially in the fibre direction and across the 
sample width. The transition from one side of the specimen to the other can be seen 
more clearly in Figures 4.8, 4.10. In Figure 4.9 it can be observed that the crack, 
initially at the root of the notch, grows almost parallel to the notch tip in the x 
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direction and simultaneously in the z-direction. The damage in the y-direction is 
illustrated in Figure 4.10 that shows successive sections along this axis.  
The most important failure mechanism in composites that is responsible for strength 
deterioration of a laminate are matrix cracks and delamination. While fibre failure is 
the ultimate failure mechanism, matrix cracks and delaminations can occur much 
earlier. Since in the case of a UD composite we deal with only one ply (This 
assumption lies in the fact that delamination occurs due to stiffness difference 
between differently oriented plies) it is reasonable to categorise the damage as 
intralaminar, i.e., internal within the ply. This means that the cracks present after 
impact are due to matrix cracking and probably, breaking of few fibres. Moreover, it 
can be said that fibres act as impact wave guides since matrix cracks are 
propagating initially along the length of the fibres. After presenting the capabilities of 
Micro-CT in visualising the crack propagation after a series of impacts it is important 
to quantify this damage. Micro-CT is capable of providing information about the total 
volume/area of the cracks using a region growing algorithm. This enables 
quantification of delamination area or the crack distribution. Figures 4.11 to 4.13 
present this procedure.  
 
Figure  4.11  Specimen top view highlighting the capabilities of the region growing 
algorithm to isolate the crack area 
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Figure  4.12 Specimen side view highlighting the capabilities of the region growing 
algorithm to isolate the crack area 
 
 
 
Figure  4.13  Specimen 3-D view highlighting the capabilities of the region growing 
algorithm to isolate the crack volume 
 
- 83 - 
 
Initially a region of interest is selected in each direction (Figs 4.11, 4.12). Then the 
whole 3-D profile is constructed as shown in Figure 4.11 and is ‘filled’ with the region 
growing algorithm (yellow  area). After ‘filling’ the region of interest, information about 
the volume/area of the cracks can be obtained by the histogram of the region based 
on the grey level distribution. In our case the total crack area measured was 3 μm2 
 
 
4.3 Fatigue Life of Specimens Subjected to Tensile Impact Fatigue 
Test. 
 
The following subsections present the results obtained from testing CFRP samples 
in a TIFT. Furthermore the methods that are used for to analyse the fatigue life and 
the fatigue damage in the 2mm and 1mm specimens are presented. 
 
 
These specimens were impacted 33000 times, to the state where intraply damage 
occurred and the F, t data were recorded, as shown in Figure  4.14. The force vs time 
response was selected at the initial life of the specimen (10 impacts), half life (16500 
impacts), and 33000 impacts (total life). 
4.3.1 2mm Thick Specimens ([04/904]s)
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Figure  4.14 Force vs time response in various cycles of impact fatigue life 
 
From the above graph it can be seen that the force magnitude remains reasonably 
unaltered  between the initial stage and half life. Moreover, at total life there appears 
to be an increase in time and decrease in force, signs that indicate damage in the 
sample. This is investigated further in Figure  4.15 and in Figure  4.17. In Figure  4.15 
the maximum force as a function of number of cycles can be seen for the impact 
fatigue test at energy level of 1 Joule. Additionally it has to be noted that data 
acquired up to 2000 impacts are controversial since the specimen being at the 
stiffest stage presented some rotation during impacting. 
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Figure  4.15 Maximum force response as a function of number of cycles (n) 
 
At this point, is important to define the time that will be used as an additional 
characterising parameter. In order to model the deterioration of mechanical 
properties under conditions of IF the loading time was investigated. Different 
definitions of loading time exist [37], [25]. The parameter T’ is defined as the time 
measured from the initial impact point until the point where the force starts 
decreasing after it has attained the maximum value.The parameter T’’ refers to the 
period where maximum force is applied.In this work the TFwill be used because it is 
presenting a clear trend as seen in Figure  4.16. 
 
 
 
 
Figure  4.16 Definitions of loading time in Tanaka’s model [37] (a) and in the 
current model (b) 
 
 
The loading time (TF) response shown in Figure  4.17 is more stable throughout the 
fatigue life span. 
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Figure  4.17 Time response as a function of cycles (n) 
 
A typical plot showing the evolution of the TF parameter during an impact-fatigue test 
is given in Figure  4.18. In this plot, TF is normalised with respect to the loading time 
of the 10th impact. The 10th impact is used rather than the first in order to avoid 
possible errors that can be introduced by misalignments between the hammer and 
the impact block in the beginning of the experiment.  
 
 
Figure  4.18 Evolution of normalised loading time during IF 
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It can be seen that the loading time increases towards the end of the fatigue life. 
Furthermore the variability in the results becomes less prominent towards the end of 
life which could be reasoned due to the less stiff response of the specimen and 
therefore fewer oscillations. The maximum force shows a sharp increase initially and 
then returns to the original value. When compared on a fatigue life spectrum with the 
time pattern as shown in Figure  4.19 it is presenting an opposite trend but with a 
higher scatter. With regard to their initial values, it is seen that force is reasonably 
constant during the test whilst the increase in the loading time is approx. 12%.  
 
 
Figure  4.19 Evolution of normalised loading time and normalised maximum force 
during IF 
 
 
 
The area under the force displacement graph indicates the energy absorbed 
elastically from our specimen for the undamaged stages. As damage progresses, 
this energy increases as it can be seen Figure  4.20 . Basically, the kinetic energy is 
converted to strain energy and then since there is no plasticity we deal with energy 
dissipation from formation of new cracked surfaces. 
 
 
 
 
 
 
0.98
1
1.02
1.04
1.06
1.08
1.1
1.12
1.14
0.85
0.9
0.95
1
1.05
1.1
1.15
1.2
1.25
0 0.2 0.4 0.6 0.8 1
F/
F1
0
T/
T1
0
n/Nf
T/T10 F/F10
- 88 - 
 
 
 
 
 
 
Figure  4.20 Absorbed energy at percentages of fatigue life for TIFT 
 
 
The experimentation carried out concerning the TIFT involved long fibre carbon 
specimens. For military and commercial aircrafts, both high modulus and high 
strength are desirable and carbon fibres posses both of the above. Carbon fibre is 
preferably used in wing skins as secondary structure attached to other materials by 
fasteners. As, it has been said, during flight these structure will experience tensile 
stress wave propagations. These could be generated by either SF or IF. 
The in-plane properties such the longitudinal strength and modulus are mainly a 
function of the fibres but also the matrix is important which is holding the fibres 
together and provides out-of plane strength. The out-of plane properties involve out 
of plane strength and modulus, as well as interlaminar strength (ILS) and 
compressive strength. All the above could be stated as matrix dominated properties. 
The fatigue process is very complex and involves several damage modes, including 
fibre/matrix de-bonding matrix cracking, delamination and fibre breaking. By a 
combination of these processes, widespread damage develops throughout the bulk 
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of the composite and leads to a permanent degradation in mechanical properties, 
notably laminate stiffness and residual strength [136]. 
The experimentation undertaken in this work has not been carried out before for 
composites. Contrasting it with literature would require literature review in fields such 
as: Tension-Tension fatigue (T-T) fatigue and possibly monotonic quasistatic 
loading. Most of the analysis will be concerned in examining our results having as 
platform work carried out in notched cross-ply carbon fibre composites subjected to 
T-T SF and quasistatic loading. Moreover the analysis/contrasting will be broken 
down in 2 sub-sections for the convenience of the reader. 
 
 Residual stiffness/strength  observations 
 Damage mechanisms and their effect on fatigue life. 
 
Residual stiffness and strength 
 
Residual strength is a term used to assess the maximum stress that a structure can 
withstand after being fatigued at a specific load level and number of cycles. The 
residual strength is then contrasted with the strength that the structure possessed at 
the virgin state and the extend of damage is quantified. Likewise, residual stiffness is 
the stiffness remained in the component after testing at a certain number of cycles 
and load level. It has to be noted, that in our case that the maximum load that the 
notched crossply specimen could withstand was 14kN (Section 6.4-Experimental 
validation). 
From the literature findings [137-140] it was suggested that under tension-tension 
cyclic loading, crossply carbon fibre composite laminates containing open holes 
experience an increase in tensile residual strength and a decrease in tensile residual 
stiffness. 
This was reflected in our case in the F-n and T-n graphs. This can be attributed to a 
phenomenon called notch blunting. Since damage will be concentrated at the notch 
tip the local stiffness will deteriorate, but also redistribution of stresses ahead of the 
notch to a more uniform net section will occur. This is because effectiveness of the 
notch is attenuated by extensive longitudinal splitting that has as a result the 
increase in the residual strength as well as the fatigue life. In [139] residual stiffness 
and strength experimentation of 2mm thick centrally notched [0/90]4s AS4/PEED 
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composite laminates subjected to T-T fatigue was carried out. Specimens contained 
a 6mm hole and fatigued at a frequency (f=10Hz). Fatigue life of specimens was 
exceeding 1,000,000 cycles even at 85% of the ultimate tensile strength (UTS). All 
the residual strengths, at levels of loading 65-90% UTS, were above the virgin state, 
with the increase, 10-25%, being more marked when cycled at higher stress level 
instead of larger amount of cycles. To the contrary residual fatigue stiffness was 
decreasing with increasing number of cycles presenting an initial steep falling, at 10-
15% of life and a gentle decrease for the rest of life. This fall was more prominent at 
higher levels of loading. It was attributed according to the author to breaking of 
reinforcing fibers which was more serious (10-40%) and concentrated at higher 
applied stress level for stress levels 65%-85%. In our case a rather gradual decrease 
of stiffness is presented with higher trends towards the end of life, due to the non-
breaking of large number of fibres. 
According to [141] the fatigue strength increase presented during the fatigue life 
depends on the level of test loading. It was found that when fatigued at 55% of the 
UTS or below the residual strength increases during the early part of life and 
decrease later. This is due to different distribution of strain around the hole due to 
damage. As damage grows with number of cycles the strength of the ligaments from 
each side degrades. The residual axial stiffness was constantly decreasing and it 
was attributed to the increase of the compliance. This is exactly what happened in 
our case and was reflected in Figure  4.15. It has to be noted that our UTS translated 
to energy is 5.25J and we were testing at 1 J. 
 
 
Fatigue life 
Most of the findings compare and contrast the fatigues lives of notched specimens 
with un-notched. In [139] it was observed that notched 2mm cross-ply specimens, 
when fatigued under T-T conditions at an applied stress level of 85% of UTS, lasted 
more than 1,000,000 cycles to the contrary to un-notched where lasted only 5000 
cycles .Additionally, in [140] it was revealed that for the same configuration when 
compared on an S-N graph in un-notched the degradation of the curve is steeper. 
Higher fatigue lives tend to be observed when there is extensive longitudinal splitting 
as observed in [139]. This is not always the case. In [143, 144] where two carbon 
fibre-epoxy systems were examined under T-T fatigue conditions, the exact 
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opposite was observed. 2mm thick [0/90]4s specimens where fatigued containing a 
5mm centrally located hole at a frequency of 5Hz. Although the untreated fibre 
specimens experienced higher degree of damage including longer axial splits, 
fatigue life was greater for treated fibres ranging from 150% to 400% when fatigue at 
80-95% of UTS. It was also recorded that fatigue life at 85% of UTS for the treated 
was 1,000,000 cycles. 
It was concluded that since the fatigue life of [0/90]4s cross-ply laminates is 
essentially determined by the 0 degree plies in the laminate, the 0 degree plies are 
sensitive to the interfacial bonding condition. Specimens with untreated fibres 
displayed much larger damage zone as a result of weak fibre/matrix interphase while 
in treated fibre adhesion was better, leading to a brittle fracture, otherwise fibres 
could be separated by matrix before they fail. 
In terms of damage mechanisms 3 damage modes were observed; 0 degree 
longitudinal splitting target to the hole, 90 degree cracking that emanated from hole 
edge or longitudinal splits and delaminations. The final failure of the crossply was 
mainly found to be controlled by the ply failure (splitting, pullout, debonding) of the 0 
degree ply. In the above work correlation of the damage mechanisms with the fatigue 
cycles was not occurred. Additionally, the specimen configuration was sub-laminate 
and not blocked as in our case. Contrasting our finding with T-T SF of notched 
blocked cross-ply specimens is not feasible since there is no relevant work in the 
literature. However, tensile testing of blocked ply sequences of crossly composite 
laminates has been performed by [142] where open hole tension characteristics of 
high strength glass and carbon laminates were examined. This paper is entirely static 
and is a good source for contrasting blocked and sublaminate CFRP sequences in 
terms of damage mechanisms. 
Radiographs of damage progression in CFRP [90/0]2s and [902/02]s open hole at 
percentages of the UTS revealed the following: Axial splits in the 0 degree plies from 
each side of the hole accompanied by matrix cracks in the 90 plies. With increasing 
load, the damage zone increased in size but matrix cracking occurred outside the 0 
degree splits towards the laminate edge. Delaminations occurred from 75% of Soht 
with matrix cracking occurring outside the axial splits. The differences observed 
between the blocked ply and sub-laminates sequences was that the damage zone in 
sub-laminate is less extensive. The length of the axial splits is higher in blocked 
specimen because pitting a 90 degree ply between the 0 degree plies tends to arrest 
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the splits more. It was furthermore displayed that intralaminar damage at the notch 
tip provides stress relief and stress concentration is reduced since notch geometry 
changes and this has as a result increase in notched strength. 
The above finding agree with our research as well as with the T-T fatigue findings 
where it was found that the extensive 0 degree splitting was the driving mechanism 
for the subcritical damage. This is explained explicitly in the following section. 
 
 
4.3.1.1 Macroscopic Evaluation of Damage in 2mm Specimens 
 
Damage initiation and progression scenarios were assessed in both micro-CT and 
phenomenological manner using optical microscopy. The virgin and final stage of 
damage can be seen in Figure  4.21. It has to be noted that the specimen was 
impacted 33000 times at impact energy of 1J. The damage progression was not 
acquired using Xray but with direct observation. The following observation were 
made from this investigation. 
More specifically at: 
 
 4000 impacts, initiation of axial splits occurred; 
 15000 impacts  inner delaminations at the hole edge appeared; 
 18000 impacts  free edge delaminations initiated at the hole level;  
 30000 the free edge delaminations were propagated along the length of the 
specimen;  
 32700-33000 intraply cracks governed the hole section leading to complete 
removal of the 90 ply; 
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Figure  4.21(a) Specimen with arrows indicating the direction of loading, (b) 
Semitransparent Xray front view of the whole specimen at the final stage of damage. 
 
The above observations could be grouped in 3 stages as shown in Figure  4.21 
1. Isolated damage at the hole edge due to matrix cracking in the 90 degree plies. 
The above was accompanied by inner delamination at the interfaces at 45,-45 
degrees from the centre of the hole that propagated towards the middle of the hole in 
a clockwise manner. Such delamination occurred as a result of free edges and 
matrix cracks produced by high interlaminar normal and shear stress that occur at 
that region. 
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2. Almost simultaneously generation of 0 degree splits occurred that increased in 
length in either way but always adjacent to the hole with increasing number of 
impacts. 
 
3. Damage propagated across the width of the specimen in the form of delamination. 
As loading continued delamination at the hole and specimen free edge propagated 
towards each other. When they became close enough delamination through the 
whole specimen width occurred. Final catastrophic failure occurred when intraply 
matrix cracks propagated fully through the thickness and width of the hole area 
which has as a result the complete removal of 90 ply at the hole as shown in Figure 
 4.21 
 
 
In order to reproduce the results obtained for the 2mm thick specimen and also have 
a parametric study on the effect of thickness on the fatigue life, the second round of 
experiments involved specimens of the same balanced layup but with half the 
number of plies. In these samples the magnitude of the force at the final stages of 
damage was greater than in the 2mm samples, as seen in Figure  4.22. 
 
 
Figure  4.22 Force vs time response in various cycles of impact fatigue life 
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This load drop causes the residual stiffness to drop by 50%. This is shown in Figure 
 4.23. The stiffness data were acquired by monitoring the instantaneous force and 
displacement and sequently dividing the reaction force with the displacement. Three 
specimens were tested, specimens 1-3. Furthermore, the stiffness value has been 
normalised with the stiffness of the 10th impact K10. Although this initially was 
perceived as an important element that could be used as damage parameter it was 
contradicting with relevant literature review and the previous results. More 
specifically according to [8] under tension the Young’s modulus does not reduce 
significantly in crossply laminates but only the Poisons ratio does. In other words it 
was proven that the in-plane properties present a maximum of 10% decrease. The 
reason for this load drop could be attributed to the excessive bending effect that the 
1mm specimen possessed due to the impact block being too heavy for that 
thickness. This bending factor could be a separate study. However, it was 
superimposed to the IF loading in the same manner for all the specimens. The effect 
on the fatigue life can be seen in  
Figure  4.24.  
 
 
Figure  4.23 Deterioration of K with respect to number of cycles 
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Figure  4.24 Deterioration of force response as a function of number of cycles 
 
The preliminary objective at this point was to correlate the changes in stiffness and 
force with the observed damage in the sample. These two figures indicate that the 
studied response is changing as a function of damage accumulated in the sample as 
a result of the repeated impacts. This will be described in the following section. 
 
4.3.2.1 Macroscopic/Microscopic Evaluation of Damage in 1mm Specimens 
 
Damage initiation/ progression scenarios were assessed for the 1mm specimens in 
the same way as with the 2mm specimens. The damage initiation and progression 
pattern was the same as with the 2mm but occurred at much fewer numbers of 
cycles. An additional microscopic evaluation took place examining the damage 
around the hole instead of the whole specimen. Figure  4.25 shows the inspection 
area as well as the sectioning procedure of the post processing of the results. 
 
 
 
0
100
200
300
400
500
600
0 1000 2000 3000 4000
Fo
rc
e 
(N
)
n
- 97 - 
 
 
Figure  4.25 Schematic indicating the post processing procedure and direction of 
loading. Slices selected at the edges and centre of the hole along the x and y axes 
Figure  4.26 presents the slice y1 along the y axis (x-z plane) while Figure  4.27 
presents the x3 slice along x axis (y-z plane). In Figure  4.26 axial cracks can be 
seen to form initiated by microdefects at the virgin state Figure 4.26(a) are evolving 
by increasing in width and length as they reach the 90 plies Figure  4.26(b)-(d). At 
the final stage of damage these axial cracks are joined by delamination and 
complete decohesion of the 0 degree plies takes place as shown in Figure  4.26(e). 
In Figure  4.27 the slices along the x axis are demonstrated. Delamination signs are 
vivid at the area adjacent to the hole and seem to grow away from the hole along the 
length of the specimen. Transverse cracks in the 90 plies grow towards the 0/90 
and 90/0 interfaces joining the delaminations at areas next to the drilled area. 
 
 
- 98 - 
 
 
Figure  4.26 µXCT results showing individual y1 slices at a) post-manufacturing state, 
b) 300 impacts, c) 900 impacts, d) 1200 impacts and e) 3750 impacts (ultimate life) 
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Figure  4.27 µXCTresults showing individual  x3 slices at a) post-manufacturing state, 
b) 300 impacts, c) 900 impacts, d) 1200 impacts and e) 3750 impacts(ultimate life) 
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4.4 Summary 
 
 
From the IIF test, the results will be discussed and contrasted for the two diferrent 
thicknesses. The impact energy associated with a given Nf is significantly lower for 
the 1mm thick samples than for the 4mm thick samples. A level of scatter is 
apparent, however, this is inevitable as fatigue is a probabilistic phenomenon. The E-
Nf graphs showed that as the impact energy decreases, the number of cycles to 
failure will increase in a quasi-linear fashion. From the test data it is seen that in 
cases of IF a fatigue limit is not clearly observable, making this a potential problem in 
designing against IF. In an attempt to characterize the crack growth a special 
specimen was made with 4 mm width which allowed detailed X-ray micro CT to be 
carried out. Cracks seemed to grow substantially in the fibre direction and across the 
sample width causing matrix cracking some fibre breakage. It is proposed that fibres 
act as impact wave guides since matrix cracks propagate initially along the length of 
the fibres.  
For the TIFT the discussion will be concentrated on the effect of the thickness on the 
fatigue life and damage mechanisms. Two thicknesses were investigated. A 2mm 
and a 1mm balanced and symmetric composites of the following configuration were 
tested [0n/90m]s where n=2,m=4 for the 1mm and n=4, m=8 for the 2mm specimens. 
It was seen that the 1mm thickness was not appropriate for truly uniaxial impact, 
since a bending factor, caused by the mass of the impact block altered the true 
uniaxial loading regime. Conclusions could be drawn therefore only for the 2mm 
specimen. From the 2mm experiments, it could be seen that the force response 
remains constant between initial stage of life, half life and total life while the time 
required for the force to return to zero is increasing. It can also be seen that the 
loading time increases after 70% of life. Furthermore the variability in the results 
becomes less prominent towards the end of life which could be reasoned due to the 
less stiff response of the specimen and therefore fewer oscillations. With regard to 
their initial values, it is seen that force is constant during the test whilst the increase 
in the loading time is approx. 12%. Αccurate and detailed representation of the 
damage mechanisms could be captured in the case of 2mm specimen due to the 
high number of cycles  
- 101 - 
 
More specifically: 
 
 4000 impacts (13%Nf), initiation of axial splits occurred; 
 15000 impacts (45%Nf),  inner delaminations at the hole edge appeared; 
 18000 impacts (54.5%Nf),  free edge delaminations initiated;  
 30000 (91%Nf), the free edge delaminations were propagated along the 
length of the specimen;  
 32700-33000 (100%Nf), intraply cracks governed the gauge section. 
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Chapter 5 Finite Element Modelling of Single Impacts 
 
 
 
5.1. Introduction 
 
 
Finite element analysis (FEA) has been extensively used in recent years, as a tool to 
support the study of CFRPs subjected to impact loading, mainly the drop weight 
scenario. Using FEA, investigation of the effect of dynamic loading on regions of 
stress concentration is feasible. These regions act as damage initiation points and 
characterisation of the transient stress distributions in the specimen. 
The aim of this chapter is to develop an FEA model that can be used as a predictive 
tool to describe the dynamic phenomenon in detail. To fulfill this aim the steps 
undertaken were based on the following objectives: 
 
 A numerical model was built, based on a hammer-aluminium specimen 
assembly, to compare the results acquired experimentally. 
 Calibration of the model above was achieved with a mesh convergence study. 
 A parametric study of the effects of altering the thickness and specimen 
configuration was carried out. 
 A CFRP specimen was successfully modelled. 
 A second numerical model was built, substituting the aluminium specimen 
with CFRP, in order to compare the results acquired experimentally and 
computationally. 
- 103 - 
 
 
5.2 Model Details 
 
 
Under dynamic conditions, the interactions of the bodies that are in contact during an 
impact are extremely important. In order to develop a suitable dynamic model, 
calibration of the boundary conditions is conducted using an undamaged aluminium 
specimen. In the following subsections, the geometry, boundary conditions and the 
meshing will be described for the hammer, specimen and the rest of the assembly. 
 
 
The geometry of the respective FEA model is shown in Figure  5.1. The boundary 
conditions will be explained in relation to the figure. The model is composed  of five 
elements. A hammer (1), an impact block (2), a support (3), a clamp (4) and the 
specimen (5). The hammer is modelled as a solid deformable body with a real 3D 
geometry, using a variable thickness for each section and materials, representing the 
features of the real component. The hammer rod is a hollow cylindrical part with 
external and internal diameters of 14 mm and 12 mm, respectively. The impact 
block, clamps and support were included into the model, with the size, thickness and 
weight of the original taken from measurements of the actual experimental parts.  
For the representation of tensile-impact vice a small fixed part was included (clamp) 
and represented by encastred boundary conditions. 
In order to decrease the time of simulations, the hammer was modelled an instant 
before the vertical position was attained with an initial velocity of Vo=1.48 m/s.The 
hammer initially was modelled as a discrete rigid body; however it was observed that 
some deformation was apparent in the cylindrical hammer rod section.The rest of the 
assembly parts were modelled as discrete deformable bodies too with the exception 
of the support which was modelled as rigid. 
 
 
 
5.2.1 Geometry and Boundary conditions
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Figure  5.1 Geometry of FEM 3-D model 
 
 
For the contact between the hammer and the impact blocks, a general contact 
algorithm with a frictionless tangential behaviour was included. In order to represent 
the actual pendulum scenario, a kinematic coupling constraint was introduced to 
allow the hammer to rotate around the x axis. The basis of this method is that all the 
nodes of the inner cylinder of the upper block of the hammer were kinematically 
coupled to the reference point at the middle of that cylinder, and then the reference 
point was only permitted to rotate around the x-axis.  
At this point, clarification on whether it was necessary to model the whole hammer 
specimen interaction will be given. The reasons are: The physics of contact are 
different if a concentrated load or uniform pressure option was used. The localisation 
of damage would alter the true nature of impact. In addition, the exact magnitude of 
pressure at the time of impact would not be possible to know in advance. The 
disadvantage is that the specific analysis is computationally expensive in terms of 
both analysis time and CPU power. 
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All the parts used in this study, except from the specimen, were assigned the 
properties of carbon steel. The model’s elastic material properties are given in Table 
 5.1. These data were obtained from direct contact with the manufacturer.  
 
 
Table  5.1 Elastic Material properties of carbon steel and aluminium alloy 
 
Part Material Elastic 
modulus 
(GPa) 
Poisson’s 
ratio 
Density 
(kg/m3) 
Hammer-vice 
assembly 
Carbon steel 210 0.3 7850 
Specimen Aluminium 
alloy 
67.1 0.3 2650.4 
 
 
For determining the properties of the aluminium specimen used, and input it into the 
model, two aluminium specimens were manufactured in conformity with ASTM 
B557M-07e1 standards and tested under quasistatic conditions in an Instron tensile 
testing machine. The stress-strain graph is given in Figure  5.2 while the true plastic 
stress, stain values given in Table  5.2. 
 
 
 
 
Figure  5.2 Stress vs strain diagram of aluminium specimen 
5.2.2 Material Data 
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Table  5.2 True plastic stress-strain values of aluminium alloy specimen used in 
calibration model 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Due to the relative complex geometry of the specimen, partition of certain regions 
was carried out as shown in Figure  5.3. More specifically, at the fillet area a partition 
was introduced in order to alleviate stress concentrations and enhance the mesh 
quality in the gauge section. Around the hole, a common practise is to partition in a 
cross configuration for the mesh to be uniform at the edges of the hole. 
The hammer as well as the rest of the assembly was discretised with 4-noded linear 
tetrahedron C3D4 elements using a structured meshing technique. An 
optimised/refined mesh was introduced at the contact surface of the hammer’s 
strikers. Linear hexahedral elements were used for the specimen and were chosen 
from the extensive element database of Abaqus explicit. The specimen was 
modelled with linear reduced integration elements of type C3D8R at the stress 
Plastic stress 
(MPa) 
Plastic strain 
(mm/mm) 
167.98 0 
197.59 0.0014 
211.59 0.0054 
223.43 0.0114 
233.30 0.0176 
241.94 0.0239 
249.62 0.0304 
256.22 0.0369 
262.02 0.0437 
267.07 0.0504 
271.51 0.0573 
275.39 0.0641 
278.78 0.0709 
281.82 0.0778 
283.39 0.0818 
5.2.3 Element and Mesh Selection
- 107 - 
 
concentration areas and linear fully integrated elements of type C3D8I were used for 
the gauge section. Reduced integration reduces running time but a drawback, is that 
with reduced-integration elements hourglassing can be a problem. This problem was 
tackled using a fine mesh around the hole area, and the enhanced hourglass control 
option. 
 
Figure  5.3 Meshed 3-D specimen indicating partitioned regions and element types 
used. 
 
 
The C3D8I elements are enhanced by incompatible modes to improve their bending 
behaviour. The main reason these elements were used for the gauge section is to 
eliminate the parasitic shear stresses that cause the response of the C3D8R 
elements to be too stiff in bending. Although these elements are more expensive 
than C3D8R, they are more economical computationally than the second-order 
elements. Additionally, the incompatible mode elements use full integration and, 
thus, have no hourglass modes and the need for a very fine mesh is reduced. 
Finally, a sufficient number of linear (first order) elements provides superior results to 
quadratic (second order) elements, since linear elements are favourable in explicit 
contact problems in terms of material response and computational time.  
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The experimental data acquired were the force and strain signal. Experimentally, the 
force signal was measured at the back of the clamp where the loadcell was located. 
The strain signal was acquired with a strain gauge placed at the middle of the 
specimen.  
In order to correlate with the experimental results in the numerical model, two 
elements sets were created. For these sets of elements, history output requests 
were created. The history output is the acquisition of data during the analysis in 
order to analyse during post processing. The history outputs for the force and strain 
history were requested in the direction of the loading. Both of the history outputs 
were recorded every 0.02ms which was adequate for creation of the force-strain 
history.  
 
 
 
Dynamic problems in the low dynamic range can be solved with Implicit or Explicit 
methods, both of which are available in the Abaqus solver. In an implicit dynamic 
analysis the stiffness matrix is inverted, and a set of simultaneous non linear 
equilibrium equations must be solved at each time increment. This solution is carried 
repetitively using the Newton–Raphson method. In an explicit dynamic analysis a 
large number of small time increments is performed efficiently. The use of small 
increments is advantageous because it allows the solution to proceed iteration free 
and without the need of forming tangent stiffness matrices. Contact conditions and 
other extremely discontinuous events are easily handled by ABAQUS/Explicit. An 
Implicit FEM analysis is the same as Explicit with the addition that after each 
increment the analysis does Newton-Raphson iterations to enforce equilibrium of the 
internal structure forces with the externally applied loads. Overall, for large problems 
presenting multiple types of non-linearity, as in our case, where multiple contacts 
5.2.4 Field/History Output Request
5.2.5 Solver
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and stress wave propagations are present, the explicit method is favourable due to 
the assuring convergence that is proven to be very computational cost effective 
when compared with the implicit regime. 
 
 
 
5.3 Dynamic modelling of Single Impact on Aluminium 
 
 
In this section, the calibration of boundary conditions will be presented and 
contrasted with a single impact experiment on aluminium. In order to gain an 
understanding of the dynamics of single impact, a simple tensile-impact test was 
conducted using an aluminium plate. A semiconductor strain gauge glued to the 
middle of the plate was used to measure the dynamic strain during an impact 
produced using the impact testing machine described in section 3.4.2. The reaction 
force signal was measured during the impact of the hammer with energy of 1J and a 
velocity of 1.46m/s and is presented in Figure  5.4. It can be seen, that the signal’s 
approach time is similar to the restitution period i.e., elastic impact.  
The second type of data that was captured was the axial strain as shown in Figure 
 5.4. This was acquired from the strain gauge that was placed at the top of the 
aluminium specimen. It may be expected in a pure tensile impact that the strain 
signal should be similar to the force signal but out of phase. The last feature is due to 
the fact that the force sensor is at a greater distance than the strain gauge. However, 
in Figure  5.4 there is no obvious time lag between the two signals or great difference 
in damping behaviour up to 0.6ms. The theoretical expected maximum strain value 
for an aluminium alloy bar with a rectangular gauge section of 15 mm x 3 mm, elastic 
modulus of 67.1 GPa, impacted in tension with a load of 558N should be 
approximately 0.18×10-3, which gives an error of 16.6% between theoretical and 
experimental results. It should be noted, that similar experiments with standard 
electrical resistance strain gauges were not able to generate usable results because 
of the high noise and lower frequency response.  
 
5.3.1 Set up 
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Figure  5.4 Experimental force and strain response for aluminium specimen 
 
 
 
 
 
 
To compare the force and strain response history of experiment and simulations, the 
reaction force of the element set at the back of the clamp was recorded in the history 
output of Abaqus/Explicit. Figure  5.5 presents a comparison with the experimental 
data as well as the mesh results from the convergence convergence study. 
 
5.3.2 Numerical Validation
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Figure  5.5 Experimental and numerical results for aluminium specimen at different 
element sizes 
 
It has to be noted that in the numerical results a noise reduction filter was introduced. 
The Butterworth filter was used on the raw force–time data. Its main purpose was to 
attenuate the high frequency noise. The second order LowPass (LP) Butterworth 
filter was applied with a 2.3 kHz cut-off frequency. The cut-off frequency is the 
frequency above which the filter attenuates at least half of the input signal. From the 
figure above it can be observed that with mesh refinement the magnitude of the force 
matches ideally, however the period of the signal is getting smaller. This could be 
due to the fact that compliance of the system has not been incorporated in the model 
which may affect the energy dissipation. However, the general rule is that the finer 
the mesh the better the capturing of the stress wave signals. Large transitions in the 
mesh should be avoided since stress concentrations are induced.  
Comparing the strain data, contributed ιn deciding the optimum element size since 
for the 0.7 mm the strain data presented good correlation. The strain-time graph is 
presented in the figure below. 
 
Time (s) 
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Figure  5.6 Experimental and numerical results for aluminium specimen at 0.7mm 
element size 
 
 
The simulation time for the single impact was set to 1.5 ms to reproduce only the 
specimen-hammer interaction. During that period, the model reproduced the 
experiment in terms of the trend, strain amplitude and contact time with insignificant 
errors. Due to the dynamic nature of loading of the aluminium specimen, oscillations 
in the response of both the model and the experiment were apparent. In the dynamic 
stress wave has been captured throughout the impact duration in the model. 
Distributions of the maximum principal stress within the aluminium specimen at 
different moments were acquired as shown in the figure. In general, it can be 
observed from these stress distributions over several time increments that due to the 
sudden imposing of the load, elastic stress-waves were generated and propagated in 
different directions in the specimen, and those stress waves produced accompanied 
strain waves. 
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Figure  5.7 Maximum principal stress distribution (Pa) at different time increments 
a)0.075ms, b)0.225ms, c)0.45ms, d)0.6ms, e)0.825ms, f)0.9ms, g)0.975ms 
,h)1.05ms,  i)1.425ms,  j) 1.5ms.  
 
 
 
- 114 - 
 
 
Parametric studies were also carried out to investigate the effects of altering the 
geometry by a) decreasing the thickness, b) introducing a hole in the middle of the 
specimen. The stiffness of the specimens is altered in both cases, reflected in the 
following graph by changes in the initial slope and period duration, and the effect is 
prominent after the retraction of the hammer which occurs after 0.6 ms in all 3 cases. 
 
 
 
Figure  5.8 Effects on the force response when altering thickness and introducing a 
hole. 
 
The modelling has been proven to be adequate for the preliminary aluminium 
specimen since the numerical force history matches the experimental data. However 
additional work is required for modelling the composite specimen in the dynamic 
analysis and this will be presented in the following section. 
 
 
5.4 Dynamic modelling of single impact on CFRP containing a 
centrally located hole 
 
The modelling work undertaken in the previous section, served the purpose of 
calibrating the boundary conditions using an aluminium specimen and matching the 
force vs time data. The next step was to substitute the aluminium specimen with the 
5.3.3 Parametric Studies
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CFRP composite. In order to do so, decisions on the partitioning, material model as 
well as element type had to be investigated. The chart in  
Figure  5.9 shows the options available when modelling a composite and highlights 
the most efficient route for our case. The dashed line denotes the initial route 
followed prior to the introduction of damage in the specimen. After the introduction of 
damage the second route was followed. The choices made and the reasoning 
behind them will be discussed in the following subsections. 
 
 
 
Figure  5.9 Pre damage (dashed line) and after damage (normal line) modelling 
methodology of CFRP lay-up 
 
 
 
 
Figure  5.10(a) shows a common technique when modelling composites. Here, a 
thickness of 1mm is partitioned 8 times at 0.125mm intervals which represents the 
actual ply thickness. In this way modelling of the composite uses only 1 coordinate 
system, changing the angle of the plies in respect to this for multidirectional lay-ups. 
The drawback with this technique is that it’s computationally expensive and could be 
time consuming when modelling thick composites. An alternative method, which is 
5.4.1 Partitioning
Partitioning  Individual 
plies 
Grouped plies 
Material 
models 
Lamina Engineering constants 
Element types Continuum 
shell
Solid 
- 116 - 
 
favourable in our case because we do not deal with too many different orientations, 
is based on the grouping of plies, which can be seen in Figure  5.10(b). It should be 
noted that both methods were investigated in initial quasistatic tests and produced 
the same results. 
 
 
Figure  5.10 Ply by ply modelling vs grouping of plies 
 
 
 
 
 
 
 
 
In order to model the CFRP composite, a linear elastic behaviour was assumed 
because the specific composite is quasi-brittle and presents negligible plasticity. The 
material models, available in Abaqus explicit, which could be used are the lamina 
and engineering constants. Both of these models are used to specify orthotropic 
elastic properties with the only difference that the first one assumes plain stress 
conditions. 
 
5.4.2 Material Models 
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In the case of lamina, plane stresses condition exist where 33σ =0 , such as in a shell 
element, and only 5 constants are required. More specifically the values of
1 2 12 12 13E ,E ,v ,G ,G and 23G . The shear moduli 13G and 23G  are included because they 
may be required for modelling transverse shear deformation in a shell element. The 
Poisson's ratio is given as    
2
21 12
1
Ev = v
E
. In this case the stress-strain relations for the 
in-plane components of the stress and strain are of the form 
 
                         
1 1 12 1 11
2 12 1 2 22
12 12 12
ε 1/E -v /E 0 σ
ε = -v /E 1/E 0 σ
γ 0 0 1/G τ
 
 
In the case of engineering constants, nine material constants are required
1 2 3 12 13 23 12 13E ,E ,E ,v ,v ,v ,G ,G  and associated with the material's principal directions. 
The stress-strain relations are of the form  
 
                                       
11 1 21 2 31 3 11
22 12 1 2 32 3 22
33 13 1 23 2 3 33
12 12 12
13 13 13
23 23 23
ε 1/E -v /E -v /E 0 0 0 σ
ε -v /E 1/E -v /E 0 0 0 σ
ε -v /E -v /E 1/E 0 0 0 σ
=γ 0 0 0 1/G 0 0 σ
γ 0 0 0 0 1/G 0 σ
γ 0 0 0 0 0 1/G σ
 
Both material models were tried but each one works with a different technique. For 
example, the lamina material model works with the individual ply partitioning 
technique while the engineering constants with the grouped plies 
 
 
 
Element types that could be used to represent the CFRP are continuum shell and 
continuum solid elements on shell homogeneous and solid homogeneous sections 
5.4.3 Element Types 
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respectively. Again, the continuum shell elements are used with the lamina material 
model and ply by ply modelling technique while solid elements are used with 
engineering constants and grouped plies.  
From a modelling point of view, discretisation wise, continuum shell elements look 
like three-dimensional continuum solids, but their kinematic and constitutive 
behaviour is similar to conventional shell elements. Continuum shell elements are 
proven to be accurate in contact modelling since they employ two-sided contact 
taking into consideration the respective changes in thickness. These elements, are 
assigned to solid parts, and Abaqus determines the thickness from the geometry of 
the part. In other words, one element per ply is allowed. 
 
 
Both approaches resulted in similar results. The properties used for modelling the 
composite are presented in Table  5.3. Figure  5.11 illustrates the stress state at the 
maximum impact force point occurring in 0.65ms shown in Figure  5.12. The Von 
Mises stresses at tha point are approximately 380 MPa. The results show a good 
correlation between experimental and numerical methods and establish the starting 
point for the insertion of the cohesive zone elements in order to model damage 
under multiple impacts. 
 
Table  5.3 T700/LTM45 individual ply properties (1 = fibre direction) 
Nominal thickness 0.128mm  
E11           E22=E33               G12=G13              G23              v12=v13                v23  
127GPa     9.1GPa             5.6GPa               4GPa          0.32                    0.4  
 
5.4.3 Results/Experimental validation
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Figure  5.11 Von-Mises stresses at the area of stress concentrations at 0.65ms, ROI 
stress level equal to 518 MPa. 
 
 
 
Figure  5.12 Comparison of Impact force history between experimental data and 
numerical analysis for 1mm CFRP specimen 
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In order to do so the principal stresses contour in the direction of the loading can be 
utilised to determine the potential damage areas. In Figure  5.13 the region around 
the hole which has four zero degree upper and lower plies is subjected to a 
maximum axial stress of 508 MPa while the middle ninety degree plies are subjected 
to lower stress values.  
Figure  5.13 Areas of potential damage initiation in the top and bottom 0 degrees 
plies as well as delamination initiation at the 0/90 and 90/0 interfaces. 
 
 
After identifying the stress pattern of stress concentration points which are related to 
damage initiation, extensive experimental work was carried out in order to observe 
the damage propagation behaviour of the composite under multiple impacts. This is 
presented in the following Chapter. 
 
 
5.5 Summary 
 
 
In this chapter the foundation for the numerical model was laid. A 3D transient model 
was successfully constructed in Abaqus Explicit based on the actual experimental 
configuration. Strain and force data were successfully simulated for a single impact 
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initially using an aluminium specimen. After calibration of the boundary conditions, 
using the aluminium specimen, successful modelling of a carbon fibre specimen was 
carried out using two techniques. The results matched the experimental data. The 
output of this chapter gives confidence in modelling damage under dynamic loading 
that will be discussed in the following Chapter. 
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Chapter 6 Finite Element Modelling of Damage 
 
 
 
 
6.1 Introduction 
 
 
In the previous chapter it was demonstrated that FEA is a feasible tool to investigate 
the effects of dynamic loading on regions of stress concentration in composites. 
These regions act as damage initiation points, which under multiple impacts can 
grow in different directions. In the experimental work undertaken, the damage growth 
areas patterns were identified and investigated. Damage was categorised in 3 
groups; Matrix cracks, axial splits and delamination. These damage modes will be 
investigated numerically by means of cohesive zone elements (CZE) in this chapter. 
These elements will be placed in experimentally predefined areas and a cohesive 
bilinear law will dictate their damage behaviour, i.e. damage initiation and damage 
propagation. 
The aim of this chapter is to investigate the applicability of CZE in predicting damage 
under dynamic conditions in tension. To fulfil this aim the steps undertaken were 
based on the following objectives: 
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 Calibration of CZE parameters in a quasistatic model investigating only 
delamination. 
 Incorporation of matrix cracks and axial splits in the above model and 
experimental validation using the global stiffness as a correlation parameter. 
 Insertion of CZE in the dynamic model and investigation of static cohesive 
zone parameters based on the force response. 
 
 
 
6.2 Quasi-static Experiment 
 
 
Before including damage in the dynamic problem, calibration of the CZE parameters 
was undertaken by conducting a standard open hole quasistatic test on a [04/904]s 
composite. Following that, validation of the results was carried out with a numerical 
model. The parameters that needed to be investigated before continuing to a 
dynamic problem, where inertia effects would be superimposed, were: 
 
 Cohesive element size required for convergence 
 Penalty stiffness  
 Damage initiation parameters 
 Damage propagation parameters 
 
Initially a tensile test was undertaken in conformity with ASTM D5766/D5766M-11 
standards. The standard states that for a balanced and symmetric specimen the 
geometry recommendations should be according to Table  6.1, Figure  6.1. 
 
Table  6.1 Specimen dimensions and configuration for quasi-static test 
 
Fiber orientation Balanced,symmetric 
(crossply) 
Width (w) 36mm 
Length (L) 250mm 
Thickness (h) 2.5mm 
Tabs Emery cloth 
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Figure  6.1 Specimen configuration for quasistatic test 
 
Ultimate strength is calculated based on the cross-sectional area, neglecting the 
presence of the hole and the test is considered successful only if the failure passes 
though the hole in the specimen 
A servo-hydraulic fatigue testing machine with digital control and computer data 
logging was used in the quasi-static tensile testing and essential data were acquired 
such as maximum force/failure force and crosshead displacement at the point of 
failure. The sampling rate was set at 5 data recordings per second which allowed 
accurate capture of the force/displacement data. The load cell capacity was 
200kN.The failure load was calculated as the average of the maximum force reached 
by two specimens tested at a displacement rate of 0.08 mm/s which is the minimum 
rate specified by the standards. The tests were conducted under ambient conditions. 
 
 
 
6.3 Quasi-static Numerical Model Considerations 
 
 
The quasistatic experiment was predominantly undertaken in order to estimate the 
failure load of the specimen, and will be used as an input to the model in the form of 
uniform pressure. The resulting numerical stiffness will be then correlated with the 
experiment. The 1/8th symmetry was used in the analysis, which is a common 
practice for balanced and symmetric composites, and allows a significant reduction 
of computational time which was proven to be a major issue. Figure  6.2 illustrates 
the boundary conditions for the numerical model. 
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Figure  6.2 Boundary conditions for 1/8th symmetry model 
 
 
In order to capture the damage development the use of CZE was introduced as 
shown in Figure  6.3 and Figure  6.4. For the convenience of the reader the full model 
and quarter symmetry model are shown. This is done because in the dynamic 
analysis only half symmetry can be used due to the fact that the hammer cannot be 
simplified further than half symmetry. For the insertion of the elements, partitions 
were made of 10 micron thickness. The usual practise to determine the area 
required for insertion, is to determine the resin rich thickness of the interface. Most 
authors use between 1 and 100 microns.  
 
 
Figure  6.3 Position of cohesive elements at partitioned regions 
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Figure  6.4 Quarter symmetry model highlighting dominant damage modes. Axial 
splits (yellow line), transverse cracks (grey line) and delamination (red line). 
 
 
 
CZE are becoming popular for modelling subcritical damage and delamination in 
composites. The elements used in this study are discrete elements of ideally zero 
thickness that ensure perfect bonding between initially coincident nodes. Their 
constitutive behaviour follows a bi-linear traction separation law shown in Figure  6.5. 
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Figure  6.5 Mixed mode traction displacement relationship for cohesive elements 
 
 
A detailed description of the two-dimensional form of the bi-linear traction-separation 
curve is shown in Figure  6.6. The parameters that govern this traction-separation law 
are described below. 
 
Figure  6.6 Simplified Schematic of traction separation law for mode I 
 
  
 The interfacial strength maxσ is the maximum separation strength that denotes 
the damage initiation point 
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 The damage onset displacement cδ is the displacement related to σmax 
 Maximum opening displacement fδ is the point of absolute decohesion of 
surfaces 
 Strain energy release rate ICG  is equal to the energy required to create a unit 
area of a newly fully formed crack and equals the area under the graph. 
 Penalty stiffness K  is the initial stiffness of the cohesive law and represents 
the stiffness of the interface where the crack will form.Ideally this value should 
be infinitely high in order to ensure perfect bonding between the surfaces but 
care should be taken since a very high value can introduce compliance 
problems in the system.  
 
An analytical approach successfully used by [128] indicates that the ratio of the 
transverse modulus of the surrounding material (matrix) and its thickness is 
adequate to calculate the cohesive-zone stiffness. This is given by the following 
relation. 
 
33K=E /t  
 
Based on this relation, a value of interface stiffness of 9.1x1015 N/m3 was used in this 
study, assuming an interface thickness of 10 µm. The application of CZE requires a 
detailed discretization. The number of elements eN  in the cohesive-zone is 
determined according to e cz eN =l /l given in [129], where czl  is the length of cohesive-
zone and el is the mesh size in the direction of crack propagation. Cohesive elements 
of size 0.25 mm x 0.25 mm with thickness of 10 µm were defined for computationally 
effective simulations. 
In order to account for mode mix, the mixed mode damage onset displacement and 
interfacial strength are introduced. The damage onset criterion is given by the 
following quadratic relation: 
 
         
2 2
I II
max max
I II
max(σ ,0) σ+ =1σ σ  
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The damage evolution criterion is given by the following power law energy failure  
criterion: 
 
         
a a
I II
IC IIC
G G+ =1
G G
 
 
 
Where a takes values between 1 and 2 and is a parameter derived from mixed mode 
tests. ICG , IICG  are the critical energy release rates for Modes I, II respectively. Table 
 6.2 summarises the properties of the plies as well as the CZE properties used for 
damage modelling under quasistatic conditions. 
 
 
 
Table  6.2 T700/LTM45 individual ply properties (1 = fibre direction) 
Nominal thickness 0.128mm [130-131] 
Elastic properties 
 
11E              22 33E = E            12 13G = G           23G             12 13v =v            23v  
127GPa     9.1GPa              5.6GPa             4GPa          0.32                 0.4  
CZE properties 
IcG                       IIcG                 a                   
max
Iσ                   maxIIσ  
0.14N/mm             1N/mm           1                  60MPa              90MPa  
 
 
The optimum element size, required for convergence, was investigated initially by 
considering only one element with two plies and a cohesive zone in the middle. 
Following that, a real life model was built as shown in Figure  6.7 but with only 
delamination damage mode. Figure  6.7 shows a convergent study with fully 
damaged elements (SDEG=1). The term SDEG refers to the stiffness degradation 
variable tha the explicit regime of Abaqus 6.11 uses.  
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Figure  6.7 Interlaminar delamination of quasistatic model 
 
 
 
It was proven, that convergence occurs when using an element size of 0.25mm 
which is twice the laminate thickness, and agrees with relevant literature. This 
resulted in a uniform damage pattern along the length of the specimen as shown in  
Figure  6.8. The problem size was equivalent to 270090 elements. It has to be noted 
that 213928 linear hexahedral solid elements C3D8R were used to model the 
composite while 56162 linear hexahedral cohesive elements of type COH3D8 were 
used to model the delamination zone. 
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Figure  6.8 Damage distribution and principal stress values during delamination.1 
refers to y direction 
 
 
 
 
Due to the size of the problem, as well as the damage (non-linearity) the Abaqus 
explicit solver was chosen. The drawback of the explicit solver is the analysis time. 
For that reason an additional option of the mass scaling was investigated. With mass 
scaling the mass density of the material is artificially increased from ρ toρ' . 
As a result the wave speed is decreased. The wave speed of the material is given by  
 
EVc= ρ . 
Decreasing the wave speed, results in a higher step time in the analysis, and as a 
result a lower computational time. The relationship between the step time and wave 
speed is given by the following equation: 
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Element_size∆t=
Vc  
 
 A mass scaling option of 80 resulted in a 50% decrease of the computational time 
which was 6 days and 16 days for 0.25 and 0.1mm minimum element size 
respectively. It should be noted that the value of 80 was not chosen arbitrarily. When 
mass scaling option is used, the criterion that validates that not an excessive value is 
used, is the kinetic energy of the model. If the kinetic energy is a fraction of the total 
energy, approximately 10% or less, then the analysis is acceptable. In our case it 
was 7.89%. Higher values can introduce inertia effects and a static analysis is by 
definition nonexistent. Up to this date mass scaling option is not feasible for dynamic 
effects. In Figure   6.9 the normal and shear stress distributions in the plies can be 
seen. 
 
 
 
Figure   6.9 Normal (for the 0 degree ply) and shear (for the 90 degree ply) stress 
distributions in the 1/8th symmetry model. 
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6.4 Experimental Validation 
 
 
A global behaviour correlation between the experimental and numerical model can 
be seen in the force vs displacement graph in Figure  6.10. The force vs 
displacement graph is used to compare the numerical and experimental results 
instead of the stress-strain graph. The reason is that the stress distribution is not 
uniform in the specimens containing a hole but is approximately 3 times higher in the 
areas of stress concentration. The stiffness predicted from the numerical model 
(FEA) is very close to experimentation (EXPERIMENT).The initial part of the graph 
follows well the experimentation. Non-linearities in the plot arising from damage, 
such as matrix cracks, axial splits and delamination.  
 
 
 
Figure  6.10 Stress-strain graph for experimentation and numerical results. 
 
The damage initiation and progressions was investigated in an area close to the 
hole, as seen in Figure  6.11.The main reasons were a) the stress distribution in the 
section away from the notch is uniform as it can be seen in the previous figures, (b) 
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is the region of interest. In Figure  6.12  the damage progression is visualised by 
removing the plies. 
 
 
 
Figure  6.11 One-quarter model of central section of specimen. Individual partitions 
for insertion of CZE are shown for each different damage mode. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
x 
y 
z 
Figure  6.12 Isolated CZE sections highlighting damage progression 
in notched area 
x 
y 
z 
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The damage scenarios are as follows: 
 
1. Isolated damage at the hole edge due to matrix cracking in the 90 degree plies. 
The above was reinforced by inner delamination at the interfaces that propagated 
towards the middle of the hole in a clockwise manner.  
2. Almost simultaneously generation of 0 degree splits occurred that increased in 
length but always adjacent to the hole. 
3. Damage propagated across the width of the specimen in the form of delamination.  
 
In the model above, key decisions were made that were included in the dynamic 
problem. 
 
a) The usual practise in modelling composites is to use the lamina material 
model which assigns properties to each ply and allows a detailed examination 
of through thickness property distributions. However, since the configuration is 
crossply (04/908/04) and interlaminar stresses occur only at the interfaces a ply 
by ply modelling strategy would only increase computational time and 
geometric complexity.  
 
b)  After the insertion of the CZE, at predetermined areas that were identified 
experimentally, it was revealed that the element size required for convergence 
was 0.25mm which is double the thickness of each individual ply. What that 
means is that if the lamina material model was used, which assigns 1 element 
through the thickness of the ply, it would be compulsory to have an element 
size half of what is required for convergence and therefore the computational 
cost would increase.  
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6.5 Dynamic Damage Model 
 
 
An important element of the successful simulation of damage lies in the cohesive 
zone properties. Although quasistatic numerical and experimental results agree there 
is question about whether the same properties should be used under dynamic 
conditions. Two papers relevant to this subject were found. One experimental and 
one numerical. According to [132], at very high rates of strain the structure responds 
in a local mode and the magnitude of the energy dissipated in mechanisms such as 
delamination may become important. However extensive testing undertaken by the 
author on carbon fibre/epoxy composites showed that the Mode I interlaminar 
toughness does not vary with strain rate. More specifically for epoxy resins it was 
proved that they do not exhibit a significant rate-dependent behaviour whereas 
tougher systems such as the latest generation of thermoplastic-based composites 
do. 
Numerical work on the subject has also been performed [133]. A rate independent 
cohesive law using static fracture toughness was assumed for dynamic crack 
growth, which had been shown to be sufficient in previous dynamic fracture studies 
[134-135]. Based on the above two findings, and the fact that in the experimental test 
undertaken the velocities are much less than 10m/s (1.48m/s) it could be assumed 
that the problem lies  in the low dynamic range. So, modelling of the specimen under 
dynamic conditions containing all the damage modes was carried out. 
Initial modelling resulted in 88hrs of running time for half of  the analysis with 4X6 
core processors. The whole specimen is meshed with a mesh of 0.25 mm which of 
course increased the computational time which significantly depends on the 
minimum element size. For that reason, half symmetry conditions were implemented 
for the hammer and specimen. In that way, the calculation time for each step will be 
reduced significantly. Symmetry conditions (x-symmetry) were applied also at the 
rest of the assembly so number of elements involved was halved. Further reduction 
of mesh at areas of hammer that were not involved in the contact were further 
involed.  
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As it has been said before, the total running time is mainly based on the minimum 
element size which could not be altered. An overall decrease of 23% in time was 
achieved. It has to be noted that a mass scaling option could not be used since in 
transient problems altering the density can result in problems with the wave 
propagation results in a wrong estimation of the reaction forces. 
 
 
Figure  6.13  X-symmetry conditions for hammer-specimen assembly 
 
 
Initial results of a single impact of a specimen that contained all the damaged modes 
revealed identical results (force-time response) to the virgin specimen. For that 
reason, manipulation of the cohesive zone parameters (CZP) was undertaken to 
investigate the effect on the overall stiffness response of the system. More 
specifically, 5 parameters were modified:  the penalty stiffness, GI/GII ratios and the 
σI,σII ratios. 
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Table  6.3 Parametric study of input data for CZP 
 σI (MPa) σII (MPa) GI (J/m2) GII 
(J/m2) 
K(N/m) 
Model 1 60 90 140 1000 9.1x1015
Model 2 30 45 140 1000 9.1x1015 
Model 3 120 180 140 1000 9.1x1015 
Model 4 60 90 70 500 9.1x1015 
Model 5 60 90 70 250 9.1x1015 
Model 6 60 90 140 1000 9.1x1016 
 
The output of the parametric studies revealed minimal impact on the force time 
response i.e., the stiffness of the system. Manipulating the damage initiation 
parameters resulted in an increase/decrease of time required for damage to form. 
Reducing damage initiation values, keeping the same stiffness and damage 
evolution parameters had as a result a belated complete decohesion of the surfaces 
but the damage pattern sequence was not influenced significantly. Reducing 
damage propagation value, keeping the rest of the parameters the same had as a 
result an earlier complete decohesion of the cohesive zone. It has to be noted that 
when the stiffness was increased by an order of magnitude, (Model 6), the damage 
pattern was erratic and was not representing reality. 
Overall, the damage pattern/sequence was initiating from the ends of the specimen 
and was moving towards the middle of the specimen as shown in Figure  6.14. In this 
figure the composite plies have been removed and only the CZE are shown. Matrix 
cracks and axial splits are barely damaged to the contrary to the delamination zone 
which presents to be the dominant damage mode (Mode II). The in plane shear 
stresses that in real life are responsible for this delamination are shown in Figure 
 6.15. 
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The evolution of damage at percentages of duration of the impact is shown in the 
following figure. 
 
Figure  6.14 Damage pattern at the final stage of the analysis t=1.5ms 
Figure  6.15 Shear stress pattern at final stage of damage 
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Figure  6.16 Damage evolution at percentages of the impact duration for t=1.5ms 
In model 1 (Figure  6.14), an island formation of damage was observed. The fact 
damage is not continuous initially was perceived to be an element size problem. For 
that reason multiple models were built, substantially decreasing the mesh from 
0.25mm to 0.1mm. The non-continuous damage formation was still apparent. An 
analytical calculation based on minimum step time required for convergence was 
undertaken to investigate if the mesh was the issue. It was revealed that this was not 
the case. The 2 possible problems were a) the explicit algorithm, b) multiple stress 
wave reflections. Regarding the explicit algorithm studies have showed that although 
is highly favourable in non linear problems due to convergence accuracy, the very 
detailed interpolation could result is a scatter in the stress patterns. More specifically, 
4% 
24% 
47% 
62% 
78% 
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the explicit dynamic analysis of Abaqus utilises an explicit time integration scheme 
which requires minor time increments to be implemented for the accurate convergent 
solution. These intervals solely depend on the highest natural frequency of the 
structure. In dynamic problems, and in general in non-linear problems, the highest 
frequency of the model will continually change which influences the stability limit i.e., 
the value of the minimum time increment. During automatic time incrementations, as 
with our case, accurate capturing of the dynamic stress wave depends on this time 
increment. This proved to be the problem that resulted in a non-uniform damage 
pattern. This argument can further be reinforced by the analysis of Section 5.3.2 in 
Figure 5.7 where due to the sudden imposing of the load, elastic stress-waves were 
generated and propagated in different directions in the aluminium specimen in a 
scattered manner. 
Regarding the multiple stress wave reflections it could be said that due to dynamic 
loading the stress waves interacting with the natural frequencies of the material are 
producing concentrated strain areas, while in the static case at the same force level 
the strain contour is uniform. 
The fact that the damage is not influencing the stiffness response means that all the 
load is being taken by the ply. The subcritical damage investigation undertaken is 
being carried out in the matrix. All the damage modes that are being represented by 
cohesive zone elements are being given matrix properties. The specimen is loaded 
in the fibre direction while the damage investigation using CZM is considering 
damage within the matrix (delamination, matrix cracks, axial splits). The entire load is 
therefore been taken predominantly by the fibres in the 0 degree direction. 
Commenting on  
Figure  6.16, on the evolution of damage, it could be said that is quite symmetric with 
respect to top and bottom plies. The largest evolution happens up to half life of the 
impact while after the peak force has been reached the damage scenarios remain 
relatively constant. It is worth commenting on the fact that the matrix cracks as well 
as the axial splits present minimum damage scenarios. Quantificantion of damage 
could be done in the case that island formation was not prominent. 
 
6.6 Summary 
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In this chapter the steps required for the fulfilment of the damage modelling were 
presented. A 3D transient model was successfully constructed in Abaqus Explicit 
and the geometry and configuration of the cohesive zone was applied successfully. 
The cohesive zone properties used were first contrasted with the quasistatic case 
were the global stiffness was used as the validation parameter. Following the 
quasistatic case, further literature review revealed that for low dynamic range and for 
epoxy matrix the static cohesive zone parameters can be used. After implementation 
and with the aid of parametric studies focussing on the shifting of the five 
predominant cohesive zone parameters it was revealed that damage has negligible 
effect on the force time response and that altering the properties did not make any 
difference. The reason, stiffness response is unaltered is due to the fact that the load 
is being taken by the ply. The subcritical damage investigation undertaken is being 
carried out in the matrix. All the damage modes that are being represented by 
cohesive zone elements are being given matrix properties. The specimen is loaded 
in the fibre direction while the damage investigation using CZM is considering 
damage within the matrix (delamination, matrix cracks, axial splits).  
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Chapter 7 Discussion 
 
 
 
7.1 General 
Small mistakes in design of components and structures subjected to fatigue 
conditions can spread at dangerous rates. In CFRP structures such as the fuselage 
and wings of planes could even be fatal. Applicability of long fibre CFRP, especially 
for aircrafts is really large because they posses tailor made properties such as:  High 
specific tensile strength and stiffness, low speed impact strength, respectable 
fracture toughness and resistance to crack propagation as well as ability to get 
repaired. Typical damage scenarios during flight include hail impact, wind gusts as 
well as impact with foreign objects. These discrete damage events represent a 
serious threat to polymeric composites and their thin skinned components. 
Additionally, aircraft structures are subjected to various loading regimes during flight 
such as: tension, compression, bending and torsion. For example, the applied tensile 
stress, until yield limit, should be considered for the fuselage. Here, specific tensile 
strength is important. For the wings, both tensile and compressive stresses are 
important parameters to consider. For that reason, stiffness of the CFRP material 
used for the wing is crucial. 
High cycle conditions are determined by speed of cruise, altitude flight loads, failure 
conditions. Normally are designed for a lifetime of approximately 25,000 hours which 
for a typical service life represents 70,000 flight hours. Damage quantificiation of the 
components is feasible when they are subjected to SF conditions. In industry the 
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way the service life is predicted, for SF conditions, is by simplifying the stress pattern 
by a method such as the rainflow counting tool and subsequently quantification of 
the cumulative damage is carried out by relations such as the P-M rule. As a result, 
S-N graphs are generated and based on them estimation of the fatigue life is feasible 
for different stress levels. 
In the case of IF, a maximum stress magnitude can hardly be used as a sole 
parameter as the same level of this parameter can correspond to different levels of 
the applied energy, depending on the loading conditions, especially impact velocity 
[28]. Additionally, the majority of the authors in section 2.6.3 reported that crack 
growth rates in polymers are higher under IF than SF and that cracks propagate in a 
more unstable fashion. The study of impact fatigue IF started at approximately the 
same time as SF, however, is far less investigated especially for high cycles. The 
literature available is predominantly concentrated on the residual strength 
degradation and energy absorbing capabilities of composites subjected to a limited 
number of impacts under drop weight scenarios. Conclusions from single impact 
tests or impacts in the order of tens can not be used to predict the behaviour CFRPs 
under IF.  
In this thesis high cycle impact fatigue experiments were carried out utilising two 
experimental configurations. The first experimental set-up involved an Izod tester. 
Although the Izod testing device is used mainly for evaluation of fracture toughness 
under a single impact, in our case was used for evaluation of fatigue life. 
Additionally, the plane of impact was perpendicular to the ply plane of the laminates. 
This was the first element of novelty. Moreover, the specimens contained a v-shaped 
notch in the mid section which was the second element of the novelty. Most of the 
authors that examined Izod fatigue life conducted their experiments under flexural 
conditions i.e., the plane of impact was parallel to the plane of the reinforcement and 
also their experimentation involved stress concentration free specimens. 
The second experimental set-up involved a Charpy tester modified to conduct 
impacts but parallel to the direction of reinforcement. The specimens were subjected 
to dynamic loads in the longitudinal direction in the same way they would be 
subjected in a zero-tension SF test. The element of novelty is the research on the 
fatigue life of CFRP specimens under tensile dynamic condition in the low dynamic 
range. Additionally, contrast with an equivalent S-N graph in the future could 
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potentially reveal and quantify the difference between IF and SF with respect to the 
service life of components. It has to be noted that also numerical verification of a 
single tensile impact in CFRP was carried out for this test, were the force-displacent 
graph was used for the correlation 
The following sections highlight the main findings of experimentation as well as 
numerical analysis which was carried out for the second experimental set-up 
 
 
7.2 Experimentation and damage assessment 
 
As mentioned before, in this project, two impact fatigue tests were performed. We 
will refer to the Izod as Izod impact fatigue test (IIFT) and to the modified Charpy as 
tensile impact fatigue test (TIFT).   
For the IIFT, two groups of specimens were tested. The dimensions were kept the 
same except from the thickness which was altered in order to observe the effect on 
the fatigue life and contrast the reproducibility of results. The specimens were 
subjected to multiple impacts and the F-t response was captured using a dynamic 
load cell. The impact testing was terminated when specimens presented a clean cut 
through the mid-section were the notch was located. 
As it was mentioned previously, a stress parameter could not be used to construct 
an S-N graph. Instead, absorbed energy was used which also agrees with relevant 
litearature [59].The E-Nf graphs were used to analyse the fatigue life and showed 
that as the impact energy decreases, the number of cycles to failure will increase in 
a quasi-linear fashion. A level of scatter is apparent, however, this is inevitable as 
fatigue is a probabilistic phenomenon. The equation of the impact-fatigue life curve 
can be expressed as: y=-0.20ln(x) + 1.946.  The results have shown that CFRP’s are 
susceptible to rapid degradation and failure when subject to IF. Finally, is important 
to note that a fatigue threshold was not clearly identifiable, to the contrary to [59], 
making this a potential problem in designing against IF. 
 
With respect to the TIFT, additional work was performed. The scope of the second 
experimentation was not only the fatigue life assessment but also detailed damaged 
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assessment which was carried out in frequent intervals of fatigue life with the aid of 
micro X-CT. In that way any residual stiffness degradation signs presented during 
testing could easily be attributed to the evolution of the identified damage 
mechanisms. 
For the TIFT, two groups of specimens were tested. The dimensions were kept the 
same except for the thickness which was halved. The specimens were subjected to 
multiple impacts and the F-d, F-t response was captured using a tension-
compression load cell. Additionally the strain time response was captured utilising a 
strain gauge at the mid-section. The impact testing was terminated when specimens 
presented an intra-laminar crack through the thickness of the 90 degree plies. 
Analyzing the F-t response it was observed that the magnitude of the reaction force 
remained unaltered between initial life, half life and final life. However, at more 
detailed interval of life it was shown that the force presented an initial increase and 
then returned to the magnitude corresponding to the virgin state. The increase in the 
force at the very early stages of life can be attributed to a phenomenon called notch 
blunting.  During this phenomenon the effectiveness of the notch was attenuated by 
the extensive longitudinal splitting that occurred.  Additionally, the subquent 
decrease can be attributed to different distribution of strains around the hole with 
increasing number of cycles and damage. As damage grows, mainly the axial splits 
and delaminations, with number of cycles the strength of the ligaments from each 
side degrades. 
To the contrary, the contact time, which is time required for the reaction force to 
return to zero, was constantly increasing. This was attributed to evolution of micro 
defects which propagated to form initially axial splits across the length of the 
specimen and tangential to the hole. With increasing number of impacts, but always 
having the axial splits as a driving mechanism, delamination between the free ends 
and the edges of the hole occurred that led to complete removal of the 90 plies 
which contained matrix cracks at the early stages of life. 
Analyzing the F-d response i.e the absorbed energy, interestingly enough it could be 
said that it increases at the very last stages (above 70% of life) rather than gradually. 
In other words the intralaminar cracking contributes the most in the energy 
dissipation, while subcritical damage has a minimal effect on the global stifness. 
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Finally, the damage behaviour of the crossply configuration under dynamic loading 
could be said to be the same as with any monotonically quasistatic case with the 
important element being the appearance of each damage mode relative to number of 
cycles.  
 
 
 
7.4 Numerical stress analysis and validation 
 
 
As it has been mentioned in previous chapter the IF phenomenon if far less studied 
in comparison with SF. On top, most of the modelling work available is related to a 
single impact or limited number of impacts under flexural (Izod test) or through 
thickness (Drop weight test) conditions. The validation of the numerical work with 
respect to the experimentation normally takes place by comparing and contrasting 
reaction force-displacement, reaction force-time responses. Additionally, qualitiative 
and quantitative damage analysis is feasible since the level of visualisation modules 
in the post processors of most modelling softwares is above satisfactory. 
In this work the Abaqus 6.11 modelling tool was utilised for pre and post-processing. 
The Abaqus explicit solver was utilised for accurate interpolation of the field 
quantities. 
Uniaxial tensile impact model have been built in the past for examination of 
viscoelastic response in single lap joints by [28]. The authors utilised a 2-D model 
and a fracture mechanics approach because they were examining a macro crack in 
an adhesive between 2 CFRP plates. 
In our work damage is propagating in all three directions. Damage modes such as 
matrix cracks, axial splits and delamination as well as their combination require a 3D 
model. 
One may ask, why simulating the whole hammer-specimen interaction and not just 
replace the hammer with a concentrated load or a pressure magnitude. This could 
be answered in two ways. Firstly, when contact is present, the mechanisms of 
deformation are unique. In other words a concentrated load would result in a far 
more localised case while the exact determination of the impact area for the 
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pressure option would again be tricky. Secondly, the step input required for the force 
signal would be extremely difficult to duplicate and model. 
In terms of mesh and boundary conditions the problem was tackled as efficiently as 
possible. Due to the nature of the problem and the large number of elements 
involved computational time was highly placed in the objectives list. Having 
computational efficiency in mind, initially, an aluminium specimen was used as a 
specimen, due to the isotropic behaviour that possesses, so at least high material 
non-linearity would not be present in the model. Parametric studies for the mesh 
convergence were undertaken and it was decided that the optimum size was 0.7mm. 
This decision was drawn after investigation of two factors. The force–time response 
and the strain-time response. The force time response was acquired for a set of 
elements at the area where the load cell was while the strain-time response at a 
central section of the specimen.  
Following the calibration process using the aluminium specimen, successful 
modelling of the composite under investigation was the new task. Experimentally two 
thicknesses were tried, 2mm and 1mm. A balanced and symmetric composite 
[0n/90m]s configuration was used. This was decided with respect to modelling 
convenience. Firstly, symmetry conditions could be applied and secondly, grouping 
of plies was feasible. Finally, a relatively non-complex damage scenario could be 
investigated further on just by introducing CZE at the interfaces. 
Two different modelling techniques were undertaken. A ply by ply method and a 
grouping method. Of course, the second method proved to be more  computationally 
efficient. The experimental and numerical data were in agreement and this set the 
foundation for incorporation of damage in the numerical model which was the next 
main task. 
Referring to modelling the damage, due the multiple novelty elements, it was 
decided to investigate the damage in a quasistatic scenario first. This was decided 
mainly on the fact that our problem lies is the low dynamic range. On top, the 
dynamic cohesive zone parameters were not available at the time. Since all three 
damage modes were about to be investigated using only CZE (Axial splits, 
delamination and matrix cracks), defining an accurate sweep direction path for the 
cohesive zone elements was crucial. The way that the opening displacements are 
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represented in the model for Modes I, II is by setting a sweep direction in the 
direction that the crack is propagating in real life. This resulted in tremendous 
difficulties when attempting to tie the mesh of the plies with the mesh of the cohesive 
zone elements. Additional problems occured when trying to establish a criterion for 
solution convergence. Element size is always an issue but in damage modelling 
could be proved to be a major factor. Through literature review and analytical 
calculations, based on the minimum step time, it was agreed that an element size of 
0.25mm or less would result in a successful simulation of the damage propagation. 
Having solved the mesh issue and the element size required for convergence it was 
time to implement the exact boundary conditions for the dynamic problem. All 
damage modes were implemented in the same way as with the quasistatic case. 
However, the effects that are present in the dynamic cases produced concentrated 
damage areas. Additionally, we were not sure whether to use the static cohesive 
zone parameters in the model. After a literature survey, it was decided that the 
problem was in the low dynamic range (speeds<10m/s) and that for epoxy material 
the static cohesive zone parameters could be used because they are not rate 
dependent in the low dynamic range. Eitherway, it was a starting point and it was 
proven that the cohesive zone properties did not result in a large difference. The 
damage pattern was proved to be extremely non-continuous with patches of damage 
that although were representing locations that experimentaly were prone to damage 
it was impossible to quantify them. The reason behind this is the explicit solver of 
Abaqus. During impacts in the low dynamic range the response is dominated by the 
impactor and composite-specimen assembly mass rather the impact velocity. In this 
type of dynamic response, to the contrary to high velocity tests, most of the energy is 
absorbed in an elastic manner and in internal damage initiation/propagation. The 
explicit dynamic analysis of Abaqus utilises an explicit time integration scheme which 
requires minor time increments to be implemented for the accurate convergent 
solution. These intervals solely depend on the highest natural frequency of the 
structure. In dynamic problems, and in general in non-linear problems, the highest 
frequency of the model will continually change which influences the stability limit i.e., 
the value of the minimum time increment. During automatic time incrementations, as 
with our case, accurate capturing of the dynamic stress wave depends on this time 
increment. This proved to be the problem that resulted in a non-uniform damage 
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pattern. This argument can further be reinforced by the analysis of Section 5.3.2 in 
Figure 5.7 where due to the sudden imposing of the load, elastic stress-waves were 
generated and propagated in different directions in the aluminium specimen in a 
scattered manner.  
Finally, the fact that altering the cohesive zone parameters did not influenced the 
stiffness response means that the entire load is being taken by the 0 degree ply.The 
subcritical damage investigation undertaken is being carried out in the matrix. All the 
damage modes that are being represented by cohesive zone elements are being 
given matrix properties. The specimen is loaded in the fibre direction while the 
damage investigation using CZM is considering damage within the matrix 
(delamination, matrix cracks, axial splits). The entire load is therefore been taken 
predominantly by the fibres in the 0 degree direction. 
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Chapter 8 Conclusions and Future work 
 
Conclusions 
 
 
 In the Izod test the E-Nf graphs were used to analyse the fatigue life and it 
was revealed that as the impact energy decreases, the number of cycles to 
failure will increase in a quasi-linear fashion. Additionally, a fatigue limit was 
not clearly identifiable, making this a potential problem in designing against IF. 
 
 A special Izod specimen (4 mm width) in necessary for the detailed X-ray 
micro CT to be carried out. The crack was growing substantially in the fibre 
direction and across the sample width causing matrix cracking and probably 
breaking of some fibres which act as impact wave guides since matrix cracks 
are propagating initially along the length of the fibres. 
 
 For the uniaxial impact test, the experimentation undertaken showed that for 
1mm thick [02/902]s LTM45/T700 laminates the fatigue life was approximately 
10% of what it was for [04/904]s laminates as well as less consistent. 
 
 Regarding the numerical validation a 3D model and a full assembly 
reconstruction is necessary. Firstly, when contact is present, the mechanisms 
of deformation are unique. A concentrated load would result in a far more 
localised case while the exact determination of the impact area for the 
pressure option would again be tricky. Secondly, the step input required for 
the force signal would be extremely difficult to duplicate. 
 
 
 Through literature review and analytical calculations, based on the minimum 
step time, it was agreed that an element size of 0.25mm or less would result 
in a successful simulation of the damage propagation in both quasistatic and 
dynamic cases. 
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 Static cohesive zone parameters can be used in dynamic model as long as it 
lies in the low dynamic range (speeds<10m/s) and for epoxy matrix material. 
 
 
 The subcritical damage investigation undertaken is being carried out in the 
matrix. All the damage modes that are being represented by cohesive zone 
elements are being given matrix properties. The specimen is loaded in the 
fibre direction while the damage investigation using CZM is considering 
damage within the matrix (delamination, matrix cracks, axial splits). The entire 
load is therefore been taken predominantly by the fibres in the 0 degree 
direction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Future work 
 
 
 
 
 Incorporation of ply-failure criterion 
 
As it was observed the subcritical damage is not influencing significantly the stiffness 
of the structure when it is loaded uni-axially. This means that ‘diluted damage’ or 
fibre breakage and wear are needed for altering the in-plane stiffness. Diluted 
damage could be modelled by incorporating a failure criterion for the plies. A viable 
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suggestion is the Hashin 3-D criterion for long fibre composites. Abaqus database 
contains a 2-D failure criterion and thus a Vumat subroutine is needed. 
 
 Incorporation of cyclic inertia effects and cycle jump strategy  
 
In order to model the progressive stiffness reduction a cycle jump strategy is needed. 
Fatigue damage accumulation, for number of cycles greater than 10000 cannot be 
analysed with a cycle by cycle analysis because this would be computationally 
inefficient. As it has been said experimentally it was observed that a valid interval for 
cycle jump would be 2000 cycles.  
 
 
 Residual stiffness and progressive damage model for full 
characterisation of the IF phenomenon 
 
In this thesis, experimentally we utilised a fatigue life model, using the energy 
parameter in the E-Nf graph. However for full characterisation of the IF phenomenon 
other techniques complementary to the fatigue life models exist. 
Broadly speaking a residual stiffness/strength model could be used where the 
reduction in strength/stiffness could be correlated with the number of cycles. In 
addition a progressive damage model such as the Paris law could be created for 
each of the damage modes, although this would prove to be extremely challenging. 
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